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Dikes are shallow intrusive rocks that mark sheet-like magma-filled bodies in the crust. 
By definition, high-angle orientation of dikes separates them from horizontally orientated 
concordant sheet structures, sills. Typically dikes are emplaced in pre-existing fractures 
that act as conduits for pressurized magma that is generated in the mantle or crust. The 
ascending magma may widen the pre-existing cracks if the magma pressure exceeds the 
dike perpendicular stress field. Large mafic dike swarms were typically emplaced during 
the Proterozoic and are commonly found in Archean and Proterozoic crustal terrains, for 
example the 1.2 Ga Mackenzie dike swarm of the Canadian Shield or the ~1.8 Ga mafic 
dike swarm of the North China Craton (Hou 2012, Ernst et al. 2001). 
 
Overall, dike swarms are beneficial in reconstructing paleostress fields and prior plate 
movement directions. The emplacement of dikes acts as a response to extensional stress 
and dikes are thus indicators of local stress field. Parallel dike swarms indicate extension 
such as crustal rifting whereas radiating dike swarms develop around igneous centers 
such as volcanoes or mantle plumes. Parallel dike swarm trends perpendicular to the 
minimum compressional stress direction (s3) or maximum extensional stress and parallel 
to the maximum compressional stress (s1) and, regionally, their orientation indicates the 
direction of extensional tectonic regime (Hou et al. 2010, Hou 2012). Near-vertical dike 
intrusion coeval with crustal extension indicates that the stress field perpendicular to dike 
trend (s3) is horizontal. Crustal rifting can be accompanied by dike emplacement, As in 
the Miocene Chambers Well dike swarm associated with Basin and Range crustal 
extension in southeastern California (Gans et al. 2016). 
 
Although parallel dike swarms are usually conspicuous markers of extensional tectonic 
events such as rifting or break up of continents, dike swarms are also recorded in 
compressive tectonic settings. Dike swarms related to colliding plate margins provide 
evidence of local extension stress field at least at upper crustal level within the 
compressive stress field. Synconvergent extension is identified in orogenic settings from 
Alps to the Himalayas, yet the driving mechanism remain under discussion (Wells and 
Hoisch 2008). In the Cordilleran orogeny of the western USA synconvergent extension 
represents complex structural setting of compressional stress combined with local and 
temporal extension evident in, for example, extensional shear zones, exhumation of core 
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complexes and detachment and normal faults coeval with the orogenesis (Hodges and 
Walker 1992, Wells and Hoisch 2008). Dike swarms coeval with arc magmatism are 
recognized in the western USA and a number of Jurassic dike swarms has been linked to 





Figure 1. Map of southern California and environs. The black hatched shadowing represents the extension 
of Independence dike swarm after Carl and Glazner (2002). The red hatched shadowing represents the 
extent of Mesozoic plutons in southern Death Valley after Rämö et al. (2002). The location of Sevier fold-
thrust belt and Sevier hinterland after DeCelles (2004). The squares represent the sample locations of this 
study, 1) southern Death Valley and 2) northeastern Mojave Desert. Insert shows location of study area 
relative to southwestern USA. 
 
 
Perhaps the most studied and extensive example of the synconvergent Cordilleran dike 
swarms is the Independence dike swarm spanning from Sierra Nevada to the Mojave 
Desert (Figure 1). The Independence dike swarm was emplaced contemporaneously with 
the arc magmatism of Sevier orogeny, possibly reflecting temporal crustal extension or 
relaxation, or injection of dikes into oblique shear zones and representing dike 
emplacement contemporaneous with shear stress (Chen and Moore 1979, Hopson et al. 

























(Figure 1), and these dikes may be connected to the Independence dike swarm (Ernst 
1997). The Independence dike swarm has originally been assigned an age of 148 Ma 
(Chen and Moore 1979) but has since been suggested to include dikes of Cretaceous or 
younger age (Coleman et al. 2000). 
 
A NW-SE trending dike swarm was mapped by Bennie Troxel and James Calzia in 
southern Death Valley (Troxel, B. W. and Calzia, J. P., unpublished mapping, 2018). The 
dikes cut Proterozoic cratonic rocks and Cambrian sedimentary strata of Saddlepeak Hills 
and Salt Spring Hills, but no further analysis have been conducted on the dikes since their 
discovery. A NW-SE trending mafic dike on the eastern flank of the Ibex Hills mountain, 
located adjacent to the Saddlepeak Hills, has been analyzed with K-Ar method, yielding 
12.7 Ma (Troxel and Calzia 1994), and is thus coeval with the Basin and Range crustal 
extension that commenced in Death Valley ca. 13 Ma (Fowler and Calzia 1999). Prior to 
this study, the unexamined dike swarm of Saddlepeak Hills and Salt Spring Hills has been 
considered cogenetic with the 12.7 Ma dike of Ibex Hills. 
 
This thesis examines the hypothesis of the relationship of the dikes of Ibex Hills to the 
dike swarm of Saddlepeak Hills and Salt Spring Hills. The thesis work commenced by a 
field campaign in April 2019 with sampling of several dikes from Saddlepeak Hills, Salt 
Spring Hills and Ibex Hills, including the K-Ar dated 12.7 Ma dike. Preliminary field 
observations and petrographic inspection revealed a metamorphic overprint on the dikes 
of Saddlepeak Hills and Salt Spring Hills, compromising their temporal connection to the 
Miocene dike of Ibex Hills and augmenting the theme of the thesis. To enable comparison 
with a sample of different age, a sample from a subparallel Cretaceous dike from Mojave 
Desert is included. 
 
The main objectives of this thesis are to (1) outline the mineralogical and textural features 
using petrography, (2) provide a whole-rock geochemical characterization of the samples 
and (3) evaluate changes in Miocene crystallizing magma source compositions through 
mineral chemistry and in situ Sr isotope profiles of plagioclase phenocrysts. In light of 
these results the study focuses on testing the petrogenetic similarity of the samples, 
evaluating the effects of post-solidus processes on their mineralogical and geochemical 
nature and assessing magma chamber dynamics during crustal extension in southern 
Death Valley. Finally, relative age constraints on the dikes are proposed. Overall, the 
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thesis brings new information about these previously unstudied dikes and their connection 
to the extensional tectonics of southern Death Valley. 
 
 
2. GEOLOGIC SETTING 
 
 
2.1 Proterozoic basement of Mojavia 
 
The southwestern United States is part of the North American Cordillera, recording some 
600 million years of tectonic evolution from rifting and generation of passive continental 
margin to subduction driven compression and crustal thickening, and finally to transform 
deformation and crustal extension (Dickinson 2004). The crystalline Proterozoic 
basement rocks of the study area and vicinity are representative of the Mojave crustal 
province that stretches across eastern California and western Nevada (Bennet and 
DePaolo 1987, Condie 1992) This area is now exposed in response to Cenozoic extension 
tectonics and exhumation. 
 
The Mojave crustal province was assembled by accretion of arc material onto the 
southwestern margin of Laurentia during an early Paleoproterozoic orogeny; the specifics 
of the evolution and tectonic significance of Mojave crustal province in relation to the 
North American craton have remained unclear (Bennet and DePaolo 1987, Wooden and 
Miller 1990, Condie 1992, Anderson et al. 1993, Rämö and Calzia 1998). The lithological 
assemblage of the Mojave crustal province comprises ortho- and paragneisses with minor 
metapelite and amphibolite (Bennet and DePaolo 1987, Condie 1992, Anderson et al. 
1993) and metamorphic grade ranging from amphibolite to granulite facies (Anderson et 
al. 1993). Nd isotopic composition (Bennet and DePaolo 1987, Rämö and Calzia 1998) 
and U-Pb ages (Wooden et al. 2012) suggest a mantle derived component mixed with 
Archean to Paleoproterozoic recycled metasedimentary crust. Paleoproterozoic ~1.7 to 
~1.6 Ga and Mesoproterozoic ~1.4 Ga intrusive suites have stitched the Mojave crustal 
province assemblage. These cratonic rocks are intruded by ca. 1.1 Ga diabase sills and 
dikes (Heaman and Grotzinger 1992).  
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The Nd isotopic composition of the Proterozoic rocks from the Mojave crustal province 
represent unique values in relation to samples elsewhere in the southwestern United 
States, and the Mojave crustal province is distinct from the neighboring Yavapai and 
Mazatzal Proterozoic crustal provinces in its metamorphic grade, old Nd-depleted mantle 
model ages, geochemical character and origin (Bennet and DePaolo 1987, Anderson 
1993, Rämö and Calzia 1998). The Paleoproterozoic metamorphic basement is locally 
overlain by angular unconformity of Meso- to Neoproterozoic sedimentary deposits that 
record a period of stable continental crust, and Neoproterozoic to Cambrian miogeocline 
representative of late Proterozoic rifting, initiation of the Cordilleran orogeny and 
formation of passive continental margin at the southwest/west of the North American 
craton (Barth et al. 2009, Wooden et al. 2012). Re-Os isotope composition of mantle 
xenoliths shows enriched lithospheric mantle underneath the cratonic Mojave, preserving 
its Archaean mantle component despite extensive deformation throughout the Cordilleran 
orogenesis (Lee et al. 2001). 
 
 
2.2 Death Valley 
 
The Death Valley extensional basin in southeastern California is a significant and 
complex example of Cenozoic Basin and Range crustal extension (Snow and Wernicke 
2000). Located south of the Walker Lane dextral shear zone and at the eastern margin of 
the Eastern California Shear Zone (Dokka and Travis 1990, Bidgoli et al. 2015), the Death 
Valley region has been subject to both extensional and dextral transtension during the 
Cenozoic (Serpa and Pavlis 1996, Bidgoli et al. 2015). Following its position in a 
compound of active Basin and Range deformation, Death Valley incorporates a series of 
fault zones (Figure 2). These include the right lateral Northern Death Valley fault zone, 
the Furnace Creek fault zone (FCFZ) (now inactive), the normal Black Mountains fault 
zone (BMFZ), the right lateral Southern Death Valley fault zone (SDVFZ) and the 
left-lateral Garlock fault zone (Knott et al. 2005). 
 
The Paleoproterozoic crystalline basement rocks in Death Valley are locally exposed and 
are overlain by angular unconformity by Meso- to Neoproterozoic Pahrump Group 
(Crystal Spring Formation, Beck Spring Dolomite, Kingston Peak Formation). These 
sedimentary strata reflect the breakup of Rodinia and the forming of a passive continental 
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margin at the southwestern margin of Laurentia (Stewart 1970). The Pahrump Group is 
unconformably overlain by Neoproterozoic miogeocline sequence which comprise of 




Figure 2. Map of Death Valley showing locations of major mountain ranges. The black lines represent major 
fault zones. The study area is located in the south-eastern corner. IBX = Ibex Hills; SPH = Saddlepeak Hills; 
SSH = Salt Spring Hills; Black Mountains fault zone; FCFZ = Furnace Creek fault zone; NDVFZ = Northern 
Death Valley fault zone; SDVFZ = Southern Death Valley fault zone. Insert shows location of area relative 
to California (CA) and Nevada (NV). 
 
 
In response to subduction of oceanic plate underneath the western margin of the North 
American plate, compression and crustal thickening of the Mesozoic Sevier orogeny 
modified the Death Valley landscape from the Late Jurassic to Cretaceous (DeCelles 
2004). The signs of this Mesozoic Cordilleran compressional tectonics in Death Valley 
have since been overprinted by Cenozoic extensional deformation and coeval igneous 
























verging fold-thrust structures in the Neoproterozoic to Cambrian North American craton 
passive margin miogeocline deposits (DeCelles 2004, Pavlis et al. 2014) and in northeast 
verging fold-thrust structures in southeastern California, which Pavlis et al. (2014) 
recognized as being related to a younger (Late Mesozoic to Paleogene) northwest trending 
thrust event. 
 
The present-day Death Valley topography is shaped by Miocene crustal extension. 
Miocene deformation in central Death Valley is characterized by low-angle detachment 
and strike-slip faults. The relationship between detachment and strike-slip faults is not 
apparent and has been explained by the rolling hinge model, which explains the low-angle 
detachment faults as governing and the strike-slip faults as edges to the detachment faults 
(e.g. Snow and Wernicke 2000). In contrast, the pull-apart model describes the strike-slip 
faults as the dominating factor in creating extension, followed by detachment faults, such 
as extension between two Death Valley strike-slip faults, the Garlock and Furnace Creek 
faults (Serpa and Pavlis 1996). Based on the structural and stratigraphic relationships 
between Death Valley mountain ranges and basins, the prevailing interpretation of Death 
Valley extension supports the pull-apart model with deeply rooted faults directing the 
extension (Miller and Prave 2002, Miller and Pavlis 2005). Northwest migrating crustal 
extension in Death Valley commenced ~13 Ma ago and ceased 5–3 Ma ago. The 13.4 to 
12.4 Ma southwest dipping Kingston Range detachment fault indicates earlier, southwest 
directed extension in the southern Death Valley region (Fowler and Calzia 1999). The 
crustal extension in Death Valley region has been south-west to west-northwest directed 
and the total extension has been estimated from 30 to 100%. Extension related listric and 
planar normal faults and both right-lateral and left-lateral strike-slip faults are common 
(Calzia and Rämö 2000). 
 
2.2.1 Southern Death Valley 
The area of interest of this study considers three adjacent mountain ranges: Ibex Hills, 
Saddlepeak Hills and Salt Spring Hills, located in the southern Death Valley (Figure 2). 
They are bounded by Black Mountains to the north, Avawatz Mountains to the south and 
Kingston Range to the east. The sinistral Garlock Fault intersects with the dextral 
Southern Death Valley Fault Zone southwest of Salt Spring Hills. 
 
 13 
Ibex Hills exhibit a compound structure of a Proterozoic to Cambrian stratigraphic 
sequence from Proterozoic Pahrump Group to Noonday and Johnnie Formations, 
followed by Stirling Quartzite, Wood Canyon Formation and finally by Zabriskie 
Quartzite (Figure 3). A number of fault structures with various orientations transect the 
sedimentary strata. Both contractional and extensional deformation have been mapped at 
Ibex Hills, extension direction both southwest (earlier, fault displacement and dip 
direction) and northwest (Fleming 2018). 
 
Figure 3. Simplified geologic map of southern Ibex Hills. Modified after Fleming (2018). Locations for 
samples DVD-007, DVD-009 and DVD-010 are indicated by blue dots. Cf. Figure 2 for the location of the 







To the east of Ibex Hills, the stratigraphy of Saddlepeak Hills is dominated by the 
Proterozoic Kingston Peak Formation (Figure 4). The stratigraphically lower Crystal 
Spring Formation and Beck Spring Dolomite (Pahrump Group) are found on the western 
side of Saddlepeak Hills. Proterozoic Noonday Dolomite and Johnnie Formation are 
scattered in the northern, eastern and southern flanks of the mountain. The Crystal Spring 
Formation is cut by 1.1 Ga diabase that runs along the bottom of the western hillside. The 
Noonday Dolomite and Johnnie Formation are unconformably overlain by Miocene 
dacite to basalt lava flows and tuffs. In the northern Saddlepeak Hills, compositionally 
similar Miocene intrusions cut the Kingston Peak Formation (Troxel and Calzia 1994, 
Troxel and Calzia, unpublished mapping, 2018). 
 
Figure 4. Simplified geologic map of Saddlepeak Hills. Modified after Troxel and Calzia (unpublished 
mapping, 2018). Sample locations for DVD-001, DVD-001ALT, DVD-001ALT_2, DVD-002 and DVD-003 are 







Southeast of Saddlepeak Hills Mesozoic intrusive rocks and Miocene megabreccia are 
exposed on the southern flank of Salt Spring Hills (Figure 5). The stratigraphic sequence 
of Salt Spring Hills evolves from the west to the east from Neoproterozoic Johnnie 
Formation and Stirling Quartzite to Cambrian Wood Canyon Formation (Troxel and 
Calzia, unpublished mapping, 2018). 
 
Figure 5. Simplified geologic map of Salt Spring Hills. Modified after Troxel and Calzia (unpublished 
mapping, 2018). Blue dots indicate location for samples DVD-005 and DVD-006. Cf. Figure 2 for the location 






Southern Death Valley provides challenges to the common characteristics of Death 
Valley extension structures and kinematics. Fault and detachment structures in the 
southern Death Valley area indicate a period of southwest directed extension pre-dating 
the northwest directed extension. Northwest trending faults and dikes in the Saddlepeak 
Hills and Salt Spring Hills suggest initial southwest directed extension (Troxel et al. 1992, 
Troxel and Calzia, unpublished mapping, 2018). Fleming (2018) mapped southwest 
dipping low-angle faults in Ibex Hills that support argument for the initial extension 
direction to the southwest. Northwest dipping low-angle and younger high-angle normal 
faults record a change in direction of the extension. By analyzing extension related 
Miocene sedimentary basins Amargosa Chaos and Sperry Hills, rock-avalanche deposits 
and their source areas, Topping (1993) suggested that this change from southwest directed 
extension to northwest occurred at ~7.8 Ma. Further evidence for southwest directed 
extension is found in the Kingston Range ca. 35 km to the west of the northern margin of 
Saddlepeak Hills. The southwest dipping Kingston Range detachment fault displaces the 
Proterozoic Pahrump Group, Proterozoic to Cambrian miogeoclinal deposits and 
Miocene Resting Spring Formation estimated 6 km to the southwest of their source. The 
detachment fault cuts a 13.4 Ma hypabyssal sill and is cut by 12.4 Ma Kingston Peak 
granite and may thus have been formed between 13.4 and 12.4 Ma (Fowler and Calzia 
1999). 
 
To the south, the north-eastern Mojave block has undergone significant vertical-axis 
clockwise rotation during the late Cenozoic. The implications of the rotation of the 
adjacent northeastern Mojave block to the geology of Death Valley has not been 
extensively studied. It has, however, been suggested that, for example, extension in the 
Owlshead Mountains, located west of the study area, was triggered by clockwise rotation 
of the Mojave block (Guest et al. 2003). 
 
 
2.3 Northeastern Mojave Desert 
 
Mojave Desert is located south of Death Valley, with the Garlock Fault serving as a 
boundary between these two regions (Figure 1). The area of interest for this study is 
located in northeastern Mojave Desert, on the western side of Cima Dome between 
Halloran Hills and New York Mountains. Proterozoic metamorphic and igneous rocks 
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(Wooden and Miller 1990), Proterozoic to early Paleozoic metasedimentary rocks 
(Stewart 1970), and Middle Jurassic to Late Cretaceous plutonism (Beckerman 1982, 
DeWitt et al. 1984, Walker et al. 2002) are overlain by Miocene to recent volcanic rocks 




Figure 6. Simplified geologic map of western Cima volcanic field, northeastern Mojave Desert. Modified after 
Wilshire et al. (2002). Sample 365 location is indicated by blue dot. Cf. Figure 1 for the location of the map 
in reference to southern California. 
 
 
The Cretaceous (97 to 90 Ma) Teutonia batholith represents arc magmatism of the 
Cordilleran orogeny.  This large intrusive complex is formed mainly of quartz monzonite 
and with less abundant granodiorite, diorite and granite (Beckerman 1982, DeWitt et al. 
1984) and is cut by felsic to mafic dikes. Mafic-intermediate Cretaceous dikes are well 
exposed west of Cima dome and are emplaced in the felsic member of the Teutonia 
batholith (biotite monzogranite). The dike swarm is northwest trending, yields a K-Ar 
age ~90 Ma and is representative of the later stages of Mesozoic arc magmatism (Wilshire 







The samples considered in this study comprise one metamorphic dike and one altered 
dike from the Salt Spring Hills, two metamorphic dikes (of which one is Proterozoic 
metadiabase), one altered dike, one Miocene basalt, and one Miocene rhyolite porphyry 
from the Saddlepeak Hills, two Miocene dikes and one Miocene stock from the Ibex Hills, 
and one Cretaceous dike from the northeastern Mojave Desert. The locations of the 
samples are shown in Figures 3-6. Thin sections for petrographic study were prepared 
from all these samples. Whole-rock geochemical analysis was performed on all samples 
except the basalt and rhyolite samples of Saddlepeak Hills. Miocene stock and one 
Miocene dike of Ibex Hills were studied in greater detail using electron microprobe 
(EPMA) analysis of plagioclase and in situ plagioclase strontium isotope geochemistry 
(LA-MC-ICP-MS). The samples are summarized in Table 1. The sample categories are 
distributed based on their age (Cretaceous, unknown, Miocene), the age unknown 
samples are separated by their secondary mineralogy (metamorphic, altered). 
 
Table 1. Summary of samples from Saddlepeak Hills, Salt Spring Hills, Ibex Hills and Mojave Desert. 





Cretaceous      
365 Mojave Desert Trachyandesite X X1   
Metamorphic      
DVD-003* Saddlepeak Hills Metadiabase X X
2   
DVD-002 Saddlepeak Hills Meta-andesite X X
2   
DVD-005 Salt Spring Hills Meta-andesite X X1   
Altered       
DVD-001 Saddlepeak Hills Meta-andesite X X
1   
DVD-006 Salt Spring Hills Meta-andesite X X2   
Miocene      
DVD-007 Ibex Hills Trachyte X X1 X X 
DVD-009 Ibex Hills Trachyandesite X X2 X X 
DVD-010 Ibex Hills Trachyandesite X X2   
DVD-001ALT Saddlepeak Hills Basalt X    
DVD-001ALT_2 Saddlepeak Hills Rhyolite X    
1 = Whole-rock geochemical analysis at Agat Laboratories. 
2 = Whole-rock geochemical analysis at Peter Hooper GeoAnalytical Lab. 






4.1 Field studies 
 
Six days of field observations and sampling was carried out in Ibex Hills, Saddlepeak 
Hills and Salt Spring Hills in southern Death Valley, California in April 2019 (cf. Figures 
2-5). Located between the Black Mountains in the north and the left-lateral Garlock Fault 
in the south, the three mountain ranges cover approximately ~300 km2 area in the 
southwestern corner of the Death Valley extensional terrane. The author was 
accompanied by Dr. James Calzia (USGS) in the field. Field work was based on the 
unpublished mapping data by Bennie Troxel and James Calzia and on the previously 
dated dike of Ibex Hills (Troxel and Calzia 1994), assumed to be related to the rest of the 
dike swarm. A total of five dikes and one volcanic stock were sampled for petrographic 
and whole-rock chemistry analysis. Sample GPS location as well as dike trend, dip and 
width were recorded. Additional samples considered in this study include two Miocene 
dikes in Ibex Hills, Miocene basaltic lava flow and rhyolite porphyry in Saddlepeak Hills 
and a Cretaceous dike in northeastern Mojave Desert, collected by Dr. James Calzia and 





A total of 25 thin sections were prepared at the Department of Geosciences and 
Geography, University of Helsinki for petrographic study. Petrographic examination of 
the eight dikes, stock, basaltic lava flow and felsic porphyry was performed by optical 
microscope at the University of Helsinki. 
 
 
4.3 Whole-rock geochemistry 
 
Four samples (two dikes of Saddlepeak Hills and Salt Spring Hills, a Miocene volcanic 
stock of Ibex Hills and a Cretaceous dike of Mojave Desert) were analyzed for whole-
rock geochemical composition at AGAT Laboratories, Canada. The samples were 
 20 
crushed and pulverized to <200 mesh for geochemical analysis. Major element oxides 
were determined by wavelength dispersive X-ray fluorescence spectrometry (WD-XRF). 
The analysis was performed on glass beads prepared by fusing each pulverized sample 
with lithium metaborate/lithium tetraborate flux. Trace elements were analyzed by 
inductively coupled plasma optical emission spectrometry (ICP-OES; 20 elements) and 
inductively coupled plasma mass spectrometry (ICP-MS; 40 elements) from samples that 
were fused with sodium peroxide at 750°C and dissolved in a dilute nitric acid. Detection 
limits for the analysis methods and each element are listed in USGS Contract Chemistry 
Method Summaries (site visited 01.06.2020). 
 
Five additional dike samples (three dikes of Saddlepeak Hills and Salt Spring Hills  and 
two Miocene dikes of Ibex Hills) were analyzed for ten major and minor elements and 19 
trace elements by X-ray fluorescence spectrometry at Peter Hooper GeoAnalytical Lab at 
Washington State University. Samples analyzed at GeoAnalytical Lab were pulverized 
to <200 mesh, fused with di-lithium tetraborate in 1000°C to form beads which were then 
reground and polished. The analysis was performed with ThermoARL Advant´XP+ X-
ray fluorescence spectrometer. The full outline of sample preparation, analytical 
procedure and standards used is available at the Peter Hooper GeoAnalytical Lab 




Figure 7. Correlation of analysis methods between Agat Laboratories and WSU GeoAnalytical Lab for A) 




















































WSU GeoAnalytical Lab (XRF)




One sample was analyzed at both laboratories to monitor method comparability. Figure 
7 shows correlation between the two laboratories for major element oxides wt.% (XRF) 
and trace elements ppm (XRF, ICP-MS/-OES). 
 
 
4.4 Mineral chemistry 
 
Composition of plagioclase from two Miocene samples of Ibex Hills (trachyte stock and 
trachyandesite dike) were analyzed at the Department of Geosciences and Geography at 
University of Helsinki. Two carbon coated thick sections (~300 µm), prepared at the 
University of Helsinki, were analyzed using JEOL JXA 8600 electron probe 
microanalyzer (EPMA) equipped with four wavelength-dispersive (WDS) spectrometers. 
Due to a faulty signal cable, only three out of four spectrometers were functioning, and 
Fe was not detected during the analysis. However, as the aim was to measure the amounts 
of the end member compositions in plagioclase, the effect of omitting Fe from the analysis 
has a nominal effect for the purpose of this study. The microprobe was set to 15 kV 
acceleration voltage and 15 nA beam current. Focused beam was used for all 
measurements. The matrix was corrected using the PAP-method (Pouchou and Pichoir 
1984) with PointElectronic SAMx hardware and the SAMx analytical software package. 
The following standards were used for determining the accuracy of the EPMA analysis: 
Plagioclase (An30) for Ca and Al, Albite for Na and Si, Sanidine for K, Periclase for Mg 
and Barite for Ba. 
 
During the analysis, the beam current drifted from 15 nA to 15.3 nA, causing the analysis 
element oxide total to drop as low as 93.27 for some of the measurements (the 
measurement totals range from 93.27 to 100.31). However, the stoichiometric 
calculations (Na+K+Ca=1; Si+Al=4) were not affected by the drifting measurement total, 
thus the chemical formula remains valid for all measurements regardless of the total. For 
the purpose of this study, i.e. analyzing the plagioclase An (mol.%) content, no 
measurements were omitted from the analysis due to low total. The plagioclase mineral 




4.5 Strontium isotope geochemistry 
 
As heavy radiogenic isotopes do not measurably fractionate during partial melting or 
fractional crystallization, they are valuable in the recording of source isotopic 
composition of magmas. In situ laser ablation multi-collector inductively coupled plasma 
mass spectrometry (LA-MC-ICP-MS) method can accurately identify details of changes 
in crystallizing magma Sr isotopic composition, recorded in the mineral growth zones 
(Ramos et al. 2004). In order to identify source composition, highlight possible source 
heterogeneities between samples and investigate magma chamber conditions during the 
Miocene Basin and Range extension magmatism underneath Ibex Hills, core to rim 
87Sr/86Sr ratios were measured from selected plagioclase phenocrysts from two Miocene 
samples of Ibex Hills.  
 
In situ 87Sr/86Sr analyses of plagioclase phenocrysts (n = 17) were performed on two thick 
sections (~300 µm) from trachyte stock (DVD-007) and trachyandesite dike (DVD-009) 
of Ibex Hills with LA-MC-ICP-MS at the Finnish Geosciences Research Laboratory 
(SGL, Suomen geotieteiden tutkimuslaboratorio) in two analysis sessions. The analyses 
were conducted with a Photon Machine Analyte G2 laser microprobe and Nu Plasma HR 
MC-ICP-MS with nine Faraday detectors and amplifiers with 1011 W resistors. The thick 
sections were ablated in HelEx ablation cell with He gas (gas flows 0.4 and 0.1 l/min) 
(Muller et al. 2009). All analyses were conducted in static ablation mode with beam 
diameter of 110 µm, beam energy density of 3 J/cm2 and pulse frequency of 20 Hz. The 
data were collected in static mode with five collectors (84Sr-Kr, 85Rb, 86Sr-Kr, 87Rb-Sr, 
and 88Sr). 
The effect of instrumental fractionation on measured Sr isotope ratios were corrected with 
exponential law and 86Sr/88Sr value of 0.1194. Throughout the analysis, the isobaric 
interference of 87Rb on 87Sr was monitored and the 85Rb ion signal and a value of 0.38571 
for the 87Rb/85Rb ratio was used for correcting the interference. The isobaric interference 
of 86Kr on 86Sr was corrected using a 30s background measurement prior to every 
ablation. Each ablation was run for 120s to obtain an internal precision of ≤ ± 0.000020 
(2s). To verify the accuracy of the laser ablation protocol, repeated measurements were 
performed on two standards throughout both of the analysis sessions. For the in-house 
plagioclase megacryst standard from the Cameroon volcanic chain, Mir a (Rankenburg 
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et al. 2004), the average 87Sr/86Sr ratio was 0.70299728 ± 0.000082 (2s, n = 13). This is 
comparable with the solution reference value 0.703057 ± 0.000007 (2s, average 
duplicated analysis by MC-ICP-MS on two separate grains). The average 84Sr/86Sr ratio 
0.05630 ± 0.00018 (2s, n =8) for the standard was obtained. The value is comparable 
with the accepted value 0.056 ± 0.0001 (Thirlwall 1991). The second standard BHVO-
2G gave an average 87Sr/86Sr value 0.703414 ± 0.000084 (1s, n = 6) and it is within the 
error of the GEOREM database preferred value 0.703476 ± 0.000007. 
The analytical precision (1s) is between 0.000007 and 0.000022 for all accepted analysis 
spots which is adequate for isotope ratio range in 0.0001 units (Davidson et al. 2007). 
The data are presented as measured values as the data back-calculated to initial values of 
12.4 Ma lie within the analytical error of the measured values. 
 
 
5. FIELD OBSERVATIONS 
 
Original map (Troxel and Calzia, unpublished mapping, 2018) data show a swarm of 
northwest trending dikes in both Saddlepeak Hills and Salt Spring Hills. Due to time 
restrictions regarding field work, only outcrops exposed at the bottom of hillsides were 
examined and sampled. Based on petrographic study, all sampled dikes from Saddlepeak 
Hills and Salt Spring Hills have secondary mineral overprint, whereas samples from Ibex 
Hills are relatively fresh (see Chapter 6). Overall, the dikes considered in this study trend 
NW–SE, are mostly nearly vertical and 1.4 to 4 m wide. 
 
 
5.1 Metamorphic and altered dikes of southern Death Valley 
 
An exposed dike (sample DVD-001) on the eastern side of Saddlepeak Hills (~ 2.9 km 
west from Highway 127) cuts Neoproterozoic Kingston Peak diamictite and runs parallel 
to a northwest trending fault zone (Figure 8). The dike is northwest trending (N35°W), 
drips 50° to the south and is pinching and swelling along its length with maximum 
thickness of 1.4 m at the sampling location. The hand sample is fine- to medium-grained, 
purple colored inequigranular rock with dark to rust colored oxidized, originally mafic 
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phenocrysts of up to 5 mm long. The groundmass is composed of fine-grained mafic 




Figure 8. A) Fine- to medium-grained metamorphic dike DVD-001 with oxidized phenocrysts (not visible in 
photo) from eastern side of Saddlepeak Hills. Dike width is ~1.4 m and the image is facing southeast. B) 





Two parallel dikes on the western side of Saddlepeak Hills cut green, coarse grained 1.1 
Ga diabase sill (cf. Heaman and Grotzinger 1992), ~1.5 km east from Saratoga Springs 
Road. Locally the exposed dikes can be distinguished from the diabase sill by grain size 
or color. Fine-grained light green meta-andesite dike (sample DVD-002, Figure 9) trends 
60° to the northwest and dips 70° to the south. Due to weathering the contact of the dike 
with diabase is difficult to determine but the approximate width of the dike is 4 m. The 
dike has a roughly equigranular texture with generally ~1 mm large grains of white 
feldspar and small mafic mineral grains in light green fine-grained groundmass. A 
separate darker green dike (sample DVD-003, Figure 10) trends 45° to the northwest. 
There are no definite boundaries exposed, but the dike appears to be widening towards 
the downside of the hill. The average grain size is ~1-2 mm, although some feldspar laths 
are slightly larger. The texture is roughly equigranular. In comparison with sample 




Figure 9. Meta-andesite dike DVD-002 on the western side of Saddlepeak Hills in contact with 1.1 Ga 




Figure 10. Metabasaltic dike DVD-003 on the western side of Saddlepeak Hills in contact with 1.1 Ga 
diabase. Photo by the author. 
 
 
Two dikes were sampled on the western side of Salt Spring Hills (accessible via Highway 
127 and over Little Dumont Dunes). A locally porphyritic dike with altered long laths up 
to 4-5 mm in size and 1-2 mm white feldspar in sage green fine-grained (<1 mm) 
groundmass cuts the Neoproterozoic Johnnie Formation (sample DVD-005, Figure 11). 
The altered minerals are light colored with green tint. Some small mafic and brown 
oxidized minerals are also observed. Lineated veins are visible on a cut surface. The dike 
is vertical, runs 60° to the northwest with maximum width of 1.5 m. The outcrop shows 
intense weathering and no clear contact with the surrounding rocks is exposed. The dike 
leaves a topographically lower trail in the host rock with a cover of weathered sediment 
from the dike and host rock. The dike is locally exposed through the sediment. 
Approximately 1.2 km to the south, nearly vertical (80°S) northwest trending (N40°W) 
3 m wide dike cuts Neoproterozoic Stirling Quartzite (sample DVD-006, Figure 12). The 
dike is recognizably hydrothermally altered, deep red in color with leached pale batches 
towards the margin. The dike margins show yellow colored alteration that continues to 
the host quartzite at the contact. The general texture is vesicular and fine-grained with a 
small number of ~1 mm long white feldspar grains. 
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Figure 11. Porphyritic meta-andesite dike DVD-007 located on the western side of Salt Spring Hills. The 
1.5 m dike cuts Neoproterozoic Johnnie Formation. Photo by the author. 
 
 




Figure 12. A) Pervasively altered meta-andesite on the western side of Salt Spring Hills. B) Contact with 
Neoproterozoic Sterling Quartzite. Leached patches in the dike are visible towards the contact (right) with 
conversion into rusty discoloration that continues into the quartzite (left). Vesicles are visible in the leached 






5.2 Miocene dikes and related rocks of southern Death Valley 
 
Miocene samples considered in this study include porphyritic stock with volcanic texture 
and two porphyritic dikes emplaced in the stock. This igneous body lies on the eastern 
side of Ibex Hills, south of Moorhouse talc mine and ca. 300 m west of Ibex Spring and 
covers approximately 1 km2. The stock is purple colored porphyritic trachyte with ~5 mm 
long white plagioclase and slightly smaller altered rusty amphibole phenocrysts in light 
grey-purple fine-grained groundmass (sample DVD-007, Figure 13). Two northwest 
trending porphyritic trachyandesite dikes cut the porphyritic stock. Sample DVD-009 is 
a 4-m-wide dike, with relatively fresh ~5 mm plagioclase and altered amphibole 
phenocrysts in in a medium grey microcrystalline groundmass (Figure 14). Vesicles with 
secondary fill cover approximately 5% of the rock mass. The dike shows chilled margins 
against the igneous stock. DVD-010 has white plagioclase and fresh mafic phenocrysts 
B 
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in aphanitic groundmass with less abundant vesicles compared to DVD-009 (Figure 14). 




Figure 13. A) Purple colored trachyte stock DVD-007. Image facing north and Moorhouse talc mine can be 
seen in the back. B) Close-up image of DVD-007 with white feldspar and mafic phenocryst in purple 












Figure 14. Miocene trachyandesite dikes A) DVD-009 and B) DVD-010 of Ibex Hills cutting Miocene trachyte 
stock of Ibex Hills (DVD-007). C) Trachyandesite enclave in trachyte stock. D) Trachyandesite dike with 






Basalt and felsic porphyry samples were collected adjacent to the western Saddlepeak 
Hills and ~950 m east of sample DVD-001 location. This igneous body comprises 
Miocene basaltic lava with plagioclase and amygdules with secondary fill in aphanitic 
groundmass (DVD-001ALT, Figure 15). The basalt is topped by Miocene felsic porphyry 
(DVD-001ALT_2). These rocks continue northward and unconformably overlie the 
Kingston Peak Formation intruded by the metamorphosed dikes. Contact relations 
between the basalt and felsic flows are not exposed. 
 
 
Figure 15. Miocene basaltic lava flow (DVD-001ALT) adjacent to the eastern flank of Saddlepeak Hills and 




5.3 Cretaceous dike of Mojave Desert 
 
An inequigranular dike cuts Cretaceous Teutonia batholith in the northeastern Mojave 
Desert (sample 365, Figure 16). The dike is 2.5 m wide, northwest striking (N55°W) and 
dipping 61° to the north and is part of a swarm of northwest trending mafic dikes. The 
dike has amphibole phenocrysts in green fine-grained groundmass. Small plagioclase 
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feldspar grains are abundant, and the sample contains few ~1 mm quartz xenocrysts with 




Figure 16. A) and B) Cretaceous trachyandesite dike of northeastern Mojave Desert (darker rock) cutting 








The petrography of the studied samples is described below by adopted lithological 
division. The Miocene samples are relatively fresh with abundant felspar, amphibole and 
biotite. The Cretaceous dike is altered but has retained some magmatic features. The dikes 
of Saddlepeak Hills and Salt Spring Hills have a pervasive secondary mineral overprint. 
However, based on their secondary mineralogy, these dikes are distinguished into two 
groups. The metamorphic sample group is characterized by chlorite, epidote and albite 
whereas the altered sample group has abundant sericite, secondary quartz and feldspar 
and oxides. Pervasive post-magmatic alteration complicates the examination of the 
metamorphic and altered samples. Preserved primary minerals and original textures are 
sparse but pseudomorphs are utilized in interpreting the original petrography. 
 
 
6.1 Metamorphic samples of Saddlepeak Hills and Salt Spring Hills 
 
6.1.1 Proterozoic metadiabase DVD-003 
The petrography of DVD-003 is almost completely marked by secondary features (Figure 
17). Pervasively altered plagioclase feldspar with microsaussurite composed of epidote 
and chlorite dominates the mineral assemblage. The plagioclase laths are on average up 
to 1 mm long and lack preferred orientation. The visibility of the grain boundaries is 
somewhat unclear due to the level of alteration but concentration of chlorite at mineral 
edge outlining the boundaries is indicative of the primary texture. Chlorite smears the 
grain at the boundaries whereas epidote forms cloudy and small anhedral grain aggregates 
similar to the epidote alteration seen in sample DVD-002, except in this sample the 
epidote pseudomorphs the entire grain. The emplacement of chlorite is not restricted to 
plagioclase and is found as flaky or massive patches across the section. Epidote found 
between plagioclase pseudomorphs forms clear and coarse euhedral to subhedral grains. 
Opaque Ti-Fe-oxide minerals are abundant and are associated with interstitial chlorite. 
Large, ~2-4 mm in diameter opaque mineral, possibly ilmenite, are often skeletal or 
embayed and have a thin corona of titanite. Smaller opaque mineral is found in 
polymineral aggregates and they lack the titanite corona. These could be magnetite and 
of a separate crystallization phase to the ilmenite. Primary apatite and secondary biotite, 
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amphibole and rutile form accessory phases. Apatite is an abundant accessory mineral 
and forms prismatic euhedral crystals. Anhedral biotite with pale brown to dark green 
pleochroism show alteration to chlorite at grain boundaries and has opaque minerals at 
cleavage cracks. Dark green anhedral secondary amphibole is often associated with 
biotite. Brown oxidation product stains the sample and sometimes resembles prismatic 
mineral habit and is thus possibly an alteration product of an originally mafic mineral. 
 
Much cannot be said about the primary features of the sample, but the randomly 
orientated plagioclase pseudomorphs often partially enclosed in opaque minerals indicate 
original subophitic to ophitic texture. The abundance of this pseudomorph suggests 
plagioclase to be most abundant primary mineral; chlorite, amphibole, biotite and Fe-
oxide alteration between feldspar pseudomorphs imply primary interstitial mineral 













Figure 17. Basaltic sample DVD-003 of Saddlepeak Hills displaying plagioclase strongly altered with chlorite 
and epidote. Large opaque minerals are Fe-Ti oxides and smaller diamond shaped are possibly magnetite. 
Chlorite and brown oxidation stain cover the sample. Abundant apatite is visible especially in plain polarized 




6.1.2 Fine-grained meta-andesite DVD-002 
Sample DVD-002 has been moderately altered with saussuritized/sericitized plagioclase 
feldspar, epidote and chlorite as main minerals and apatite, muscovite and opaque mineral 
accessory phases (Figure 18). Plagioclase is the most abundant mineral and can be found 
as ~0.5 mm long subhedral to anhedral grains with often irregular grain boundaries in 
contact with epidote, chlorite and other plagioclase grains. Myrmekite-like intergrowths 
can be found at grain boundaries. Late- or post-magmatic albitization of the primary Ca-
rich plagioclase is common, and most plagioclase grains have been altered by epidote. 
Epidote forms cloudy aggregates of small irregular microcrystals that most commonly 
occupy the plagioclase core. Sericite alteration is common in plagioclase grains where 
epidote alteration has not taken place or has been minimal. Except as a co-product of 
albitization of Ca-rich plagioclase, epidote can also be found as larger and clear euhedral 








representing crystallization after circulating fluid. Interstitial space between plagioclase 
contains chlorite and secondary silicate. Chlorite with anomalous blue and purple 
interference colors can be found as irregular massive patches across the sample. 




Figure 18. Plagioclase feldspar with sericite and microcrystalline epidote alteration (co-product of plagioclase 










in some of the grains. Chlorite patches are common across the sample. Euhedral epidote grains are on the 
top right corner. A) XPL and B) PPL. Chl = chlorite; Ep = epidote; Plg = plagioclase.  
 
6.1.3 Porphyritic meta-andesite DVD-005 
Sample DVD-005 shows pervasive post-crystallization alteration with no primary 
mineral phases preserved (Figure 19). The sample is, however, rich in two pseudomorphs. 
Plagioclase feldspar pseudomorphed by sericite has retained its relict euhedral mineral 
shape. A thin albitic (determined optically) feldspar rim is sometimes preserved from 
pervasive sericitic alteration and on a rare occasion a hint of twin lamellae can be 
observed. Cloudy fine-grained anhedral epidote is spread across the sericitic feldspar but 
epidote alteration witnessed here is not as abundant as in samples DVD-002 and 
DVD-003. Less abundant phenocryst with long prismatic grains and hexagonal cross 
sections suggests monoclinic, possibly a mafic origin. These phenocrysts have been 
completely pseudomorphed by epidote, chlorite and carbonate and they often occur as 
mineral bundles of several grains. Epidote alteration commonly dominates these 
phenocrysts although occasionally carbonate and/or chlorite form the principal alteration 
phases. Opaque minerals form discontinuous rim around these pseudomorphs, and they 
can also be found in the mid-section of the grain, especially in association with chlorite. 
Epidote is usually clear and subhedral, sometimes the grains appear stained. Chlorite 
displays anomalous blue to purple interference colors. Chlorite is also found as irregular 
patches in the interstitial space between the phenocrysts with altering anomalous brown 
and blue interference colors that cover approximately 30% of the mineral fabric. Opaque 
minerals and magmatic apatite are found as accessory phases. Some opaque minerals 
have leucoxene rim. The groundmass is composed of secondary silicate, chlorite and 
small anhedral epidote. Numerous cracks and veins with brown oxidation stain run 
parallel to each other throughout the sample, possibly representing the flow of 
hydrothermal fluids. Larger veins are filled with fibrous carbonate organized 
perpendicular to the vein wall. 
 
Again, the post-crystallization alteration makes assessing the original petrography of this 
sample only indicative at best. The two pseudomorphs suggest that plagioclase feldspar 
and a less abundant mafic mineral formed the main mineral phases. The plagioclase 
pseudomorphs are ~ 1 mm in size and some of the mafic pseudomorphs are as long as 5 
mm. This suggest fine to medium phaneritic or porphyritic-phaneritic texture, depending 





Figure 19. Andesite dike DVD-005 of Salt Spring Hills showing grain aggregate of originally mafic minerals 










Feldspar with pervasive sericite and epidote alteration is abundant and small patches of chlorite is scattered 





6.2 Altered dikes of Saddlepeak Hills and Salt Spring Hills 
 
6.2.1 Meta-andesite DVD-001 
DVD-001 shows blastoporphyritic texture with oxidized, possibly originally mafic, and 
less abundant sericitic pseudomorphs after plagioclase phenocrysts (Figure 20). Apart 
from magmatic accessory apatite, no original mineral phases are present. The prevailing 
altered fabric with phenocrysts suggests that the texture prior to alteration may have been 
porphyritic. The oxidized phenocrysts have, on occasion, preserved their relict crystal 
habit that of stubby prismatic grains and hexagonal cross sections characteristic of 
monoclinic minerals. This is especially true close to the dike margin where the crystal 
boundaries are clear and well preserved – towards the middle of the dike the oxidized 
mineral grain boundaries are not as sharp and contain inclusions of sericitic plagioclase 
laths. Less commonly, patches of calcite alteration and microcrystalline secondary quartz 
with undulatory extinction can also be observed in the oxidized phenocrysts. Sericite after 
feldspar phenocrysts are rare. The sericitization of the feldspar is pervasive and the grains 
are completely altered to muscovite. The grain boundaries are still clear, and the altered 
feldspar grains are commonly up to 1 mm long. The groundmass is dominated by 
sericitized plagioclase microlites, quartz, possibly deuteric feldspar and opaque minerals. 
Low Na2O in the sample suggests that albitic feldspar is not abundant (see Section 7.1). 







Figure 20. A) Feldspar phenocryst completely altered by sericite with clear prismatic grain boundaries in 
fine-grained groundmass of altered feldspar and opaque minerals in sample DVD-001 of Saddlepeak Hills. 
B) Common oxidized phenocrysts with hexagonal and prismatic crystal habit, suggesting an altered 









6.2.2 Strongly altered meta-andesite DVD-006 
This sample has been subject to the most intensive post-crystallization alteration out of 
the studied samples and little can be said about the mineral assemblage or texture prior to 
the alteration (Figure 21). There are, however, stubby phenocrysts showing pervasive 
muscovite-sericite alteration, a possible pseudomorph after feldspar. Smaller grains with 
similar sericite alteration and secondary silicate are found in the groundmass. Opaque 
minerals are abundant, and they are randomly scattered over the sample. There are rare 
oxidized patches with clear boundaries resembling either prismatic grains or hexagonal 
cross sections – these could be oxidized mafic minerals. Irregular oxidized patches are 
distributed across the section indicating circulation of fluids and filling vesicles. Coarse-
grained aggregates of carbonate often fill these oxidized patches. Small-grained 
aggregates of rutile are common. The sample has a single fresh apatite grain, which could 
be of magmatic origin or a xenocryst. 
 
 







Figure 21. Strongly altered andesite dike DVD-006 of Salt Spring Hills with irregular oxidised patches. A 
prismatic oxidized grain with numerous, possibly originally feldspar, mineral inclusions and coarse-grained 
carbonate is located towards the top of the image and could be remains of an originally mafic mineral. 
Smaller grains, possibly feldspar with pervasive sericite/secondary silicate alteration are abundant. Apatite 
grain is visible towards the bottom-left corner of the image. A) XPL and b) PPL. Ap = apatite; Carb = 




6.3 Miocene stock and dikes of Ibex Hills 
 
The Miocene rocks considered in this study differ from the altered dikes of Saddlepeak 
Hill and Salt Spring Hill in their texture and degree of post-crystallization alteration. The 
Miocene samples have porphyritic texture and, apart from minor sericitization of 
plagioclase, alteration of mafic minerals and secondary calcite, the mineral phases are 
pristine. 
 
6.3.1 Trachyte stock DVD-007 
DVD-007 is a porphyritic stock with plagioclase, amphibole and biotite phenocrysts 
(Figure 22). The plagioclase phenocrysts are euhedral to subhedral and up to ~4 mm long. 






compositional zoning and fluid inclusions and cracks are common. The cracks are 
sometimes filled with brown oxidized fluid product. Most plagioclase phenocrysts have 
sieve and other disequilibrium textures, especially towards the grain boundaries. The 
mafic phenocrysts have been exposed to strong post-magmatic alteration. Amphibole 
forms the most abundant mafic phenocryst phase. The amphibole has a thick opaque rim 
and, although mostly euhedral or subhedral, often has evidence of embayed texture at 
grain boundaries. Brown biotite phenocrysts are slightly smaller, euhedral to subhedral 
and displays strongly mottled texture with a thin opaque rim and abundant opaque mineral 
inclusions. Both amphibole and biotite interlock plagioclase grains. The groundmass is 
composed of plagioclase microlites, amphibole, biotite and opaque minerals. Apatite and 
zircon form the accessory phases. Apatite is mostly found as inclusions in the amphibole 











Figure 22. Trachyte stock DVD-007 of Ibex Hills with euhedral plagioclase, amphibole and biotite 
phenocrysts. Both amphibole and biotite have strong post-magmatic alteration. Amphibole forms slightly 
larger grains with thick opaque rim (two grains in the center) and biotite is smaller with thinner opaque rim 
(e.g. bottom left corner). Dissolution textures in plagioclase are common (e.g. coarse sieve texture in the 
large phenocryst on the left). Groundmass is composed of fine-grained plagioclase and mafic minerals. A) 
XPL and B) PPL. Amb = amphibole; Bt = biotite; Plg = plagioclase.  
 
 
6.3.2 Trachyandesite dike DVD-009 
DVD-009 has porphyritic texture with plagioclase, amphibole and biotite phenocrysts 
(Figure 23). Laths and stubby crystals of euhedral plagioclase with maximum ~5 mm 
long grains form the most abundant phenocryst phase. The plagioclase grains are rarely 
clear and numerous cracks, fluid inclusions and dissolution textures cover the grain. 
Coarse-sieve dissolution texture can often be found at the core. Fine-sieve texture with 
fluid inclusion chains are found towards the edge of some of the plagioclase. Amphibole 
(hornblende) with strong green color forms the second phenocrysts phase after 
plagioclase. The hornblende is euhedral to subhedral with opaque rim at the grain 
boundaries. Alteration is sometimes extensive, leaving only patches of magmatic 
amphibole inside the mineral boundaries. Fine secondary mosaic silica alteration is 
visible in some of the amphiboles, but oxide stain often masks the altered spots. Smaller 
amphibole phenocrysts show either partial or complete alteration into calcite. Plagioclase 
microlites and opaque minerals form the groundmass. The sample has abundant irregular 






Biotite, apatite and zircon are present as accessory minerals. Apatite can be found in 
groundmass and as inclusions in amygdules and amphibole. 
 
 
Figure 23. Trachyandesite dike DVD-009 of Ibex Hills. A) Euhedral to subhedral plagioclase and hornblende 
phenocrysts in groundmass of plagioclase microlites and mafic minerals. Hornblende has been strongly 
altered. B) Amygdules filled with secondary epidote, chalcedony and calcite are common. Hnb = hornblende; 








6.3.3 Trachyandesite dike DVD-010 
This sample has porphyritic texture with plagioclase, clinopyroxene, amphibole and 
biotite phenocrysts (Figure 24). The plagioclase phenocrysts are euhedral to subhedral 
with maximum diameter approximately 4 mm. Cracks and inclusions are typical and 
sericite alteration is common. The phenocrysts show dissolution textures. Coarse sieve 
texture is abundant in larger phenocrysts. A thin layer of sericite alteration is sometimes 
found towards the grain boundary. Zoning is present is some plagioclase but generally 
not to the similar degree as in samples DVD-007 and DVD-009. Clinopyroxene forms 
euhedral phenocryst that often form glomerocrysts. All clinopyroxene phenocrysts have 
been affected by post-magmatic processes and the magmatic phase has for the most part 
been replaced by calcite. Some grains have been completely pseudomorphed by calcite. 
Hornblende phenocrysts are subhedral and often found in mineral clusters with 
plagioclase. The grain boundaries between hornblende and plagioclase are distorted but 
the hornblende has opaque rims. Carbonate alteration is observed towards the edges of 
the grains and along cleavages and cracks. Smaller oxidized grains of anhedral amphibole 
is present in smaller quantities than hornblende. Biotite has opaque rims. Amygdules do 
occur but in smaller quantity than in DVD-009. They are irregular in shape and commonly 
filled with carbonate and chalcedony. Apatite and opaque minerals form accessory phases 
and can be found among the groundmass of plagioclase microlites and as inclusions in 






Figure 24. Trachyandesite dike DVD-010 of Ibex Hills showing abundant sub- to euhedral plagioclase 
phenocrysts, often with sieve textures, and biotite and clinopyroxene phenocryst in groundmass composed 
of plagioclase microlites, opaque minerals and volcanic glass. Clinopyroxene grains have been mostly 
pseudomorphed by calcite, but some magmatic pyroxene is visible in the grains towards the top of the image. 















6.4 Miocene volcanic rocks of Saddlepeak Hills 
 
6.4.1 Saddlepeak Hills basalt flow DVD-001ALT 
DVD-001ALT is a porphyritic volcanic rock with plagioclase and pervasively oxidized 
olivine phenocrysts (Figure 25). Plagioclase forms up to ~5 mm long euhedral to 
subhedral grains. The plagioclase is relatively fresh, although sericite alteration is present 
in minor amounts typically close to mineral edge, resembling a reaction corona. 
Dissolution sieve textures are occupying some of the grains and occasionally Fe-
oxidation product runs along cracks. Olivine has been completely pseudomorphed to 
iddingsite. Amygdules are abundant and often elongated or otherwise irregular in shape 
with chalcedony and Fe-oxide rim and calcite and ±zeolite core. The groundmass is 
composed of plagioclase, iddingsite after olivine pseudomorphs and opaque minerals. 
 
 
Figure 25. Miocene basalt sample DVD-001ALT of Saddlepeak Hills with plagioclase phenocrysts in 
groundmass composed of fine-grained feldspar and mafic minerals and volcanic glass. The smaller dark 






6.4.2 Saddlepeak Hills rhyolite porphyry DVD-001ALT_2 
DVD-001ALT_2 is a porphyritic rhyolite with compositionally and texturally different 
fragments (microlites, tuff, glass) with sanidine and biotite phenocrysts. Sanidine 
phenocrysts are subhedral to euhedral (Figure 26). They often display zoning or simple 
twinning. Sericitic alteration is common but only minor along cracks. Granular calcite 
alteration in feldspar can form larger alteration patches. Magmatic biotite is generally 
euhedral with opaque rim. Some biotite has been oxidized and when this is the case, the 
grains are subhedral or display embayed texture. 
 
 
Figure 26. Large euhedral sanidine and smaller euhedral biotite phenocrysts in fine-grained groundmass in 




6.5 Cretaceous dike of Mojave Desert 
 
6.5.1 Trachyandesite dike 365 
Sample 365 is characterized by hornblende, strongly sericitic plagioclase feldspar, quartz, 
chlorite, epidote and carbonate (Figure 27). Hornblende forms euhedral to subhedral 




are common features. Apart from some chlorite alteration at grain boundaries and rare 
chlorite and calcite alteration at cracks, amphibole appears to be magmatic. Plagioclase 
has been pervasively altered to sericite and into aggregates of microcrystalline epidote 
creating a cloudy appearance on the mineral grain. Irregular albite rims often surround 
the sericite cores, but more commonly the effect of alteration distorts the grain 
boundaries, making the assessment of the crystal form difficult. The sample is featured 
with subrounded ~1 mm large quartz xenocryst with chlorite/calcite or microcrystalline 
silica rim. Chlorite is found as alteration product of amphibole and filling interstitial 
spaces between amphibole and feldspar phenocrysts. Epidote is found in plagioclase and 
as larger subhedral to anhedral grains in association with chlorite, carbonate, secondary 
feldspar and minor secondary quartz, probably representing crystallization after 
circulating fluids. Veins, when present, are filled with carbonate and epidote. Apatite and 












Figure 27. Cretaceous dike 365 of Mojave Desert displaying hornblende, feldspar (strongly altered with 
sericite), chlorite, calcite and a large quartz xenocryst. A) XPL and B) PPL. Cal = calcite; Chl = chlorite; Fsp 






7. WHOLE-ROCK GEOCHEMISTRY 
 
The three Miocene samples of Ibex Hills, five dikes of Saddlepeak Hills and Salt Spring 
Hills and a Cretaceous dike of Mojave Desert were analyzed for whole-rock major oxide 
and trace element composition. The samples are characterized with a varying amount of 
LOI (1.46-8.89 %) implying that post-solidus processes have modified the chemical 
composition of at least some of the samples. The geochemical analysis results discussed 
below are normalized to 100 wt.% anhydrous. The full list of analysis results is presented 











7.1 Major elements 
 
Figure 28 shows classification of the studied samples on a total alkali vs. silica (TAS) 
diagram after Le Bas et al. (1986). The Miocene samples of Ibex Hills are characterized 
by intermediate composition straddling the alkaline-subalkaline boundary defined by 
Irvine and Baragar (1971) and these samples classify as trachyandesites (DVD-009 and 
DVD-010) to trachyte (DVD-007). The Cretaceous dike plots in the trachyandesite field 
and on the alkaline-subalkaline boundary together with the Miocene samples. The major 
element compositions of the metamorphosed and altered dikes are unlikely to represent 
the original magmatic composition. However, these samples are characterized as 
subalkalic and most of the dikes plot into the andesite field. The metadiabase sample of 
Saddlepeak Hills (DVD-003) has a considerably more mafic composition and plots as 
basaltic showing comparable composition to the 1.1 Ga Crystal Spring Diabase of Death 
Valley region (Hammond 1983, Vandyk et al. 2018). 
 
The classification diagram (Figure 29) based on the immobile trace element ratios Zr/Ti 
and Nb/Y (modified by Pearce 1996 after Winchester and Floyd 1977) classifies all 
Miocene samples of Ibex Hills as trachyandesites. The Cretaceous dike plots into the 
subalkaline andesite/trachyandesite field together with the majority of the dikes of 
Saddlepeak Hills and Salt Spring Hills. Sample DVD-003 is basaltic. 
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Figure 28. Total alkali vs. silica (TAS) diagram after Le Bas et al. (1986). The dashed line represents alkaline-
subalkaline boundary after Irvine and Baragar (1971). Symbols with dashed edges represent measured 
element oxide wt.% (unnormalized). Comparison with 1.1 Ga Diabase of previous studies shows 
compositional affinity with sample DVD-003 (this study). The Cretaceous sample plots as trachyandesite, 
the metamorphic and altered samples as andesites (DVD-003 as basaltic) and the Miocene samples as 
trachyandesites and trachyte.  
 
Figure 29. Immobile trace element discrimination diagram Zr/Ti vs. Nb/Y after Winchester and Floyd (1977) 
modified by Pearce (1996) for the analyzed samples. The Cretaceous, metamorphic and altered samples 
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The major element oxides of the Miocene samples mostly correlate with the SiO2 (Figure 
30). TiO2 (0.69-0.90 wt.%), FeOT (4.47-5.86 wt.%), MnO (0.08-0.13 wt.%), CaO (3.94-
9.63 wt.%) and P2O5 (0.47-0.59 wt.%) all decrease with increasing silica content whereas 
Al2O3 (16.83-17.41 wt.%), Na2O (4.27-4.67) and K2O (3.20-3.77 wt.%) show weak 









Multiple plot of SiO2 vs. TiO2, Al2O3, FeOt, MgO, CaO, Na2O, K2O, P2O5, MnO







































































































Multiple plot of Si 2 vs. TiO2, Al2O3, FeOt, MgO, CaO, Na2O, K2O, P2O5, MnO







































































































Multiple plot of SiO2 vs. TiO2, Al2O3, Fe , g , CaO, Na2O, K2O, P2O5, MnO









































































































Multiple plot of SiO2 vs. TiO2, Al2O3, FeOt, MgO, CaO, Na2O, K2O, P2O5, MnO









































































































Multiple plot of SiO2 vs. TiO2, Al2O3, FeOt, MgO, CaO, Na2O, K2O, P2O5, MnO
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MgO varies between 1.45 and 2.37 wt.% and does not correlate with SiO2. The Mg# 
(Mg2+/(Mg2++Fe2+)*100) varies between 34 and 48. All Miocene samples are 
metaluminous with molar A/CNK <1. 
 
The basaltic sample DVD-003 is distinguished from the rest of the Saddlepeak and Salt 
Spring Hills samples by high TiO2 (4.06 vs. 0.64-1.05 wt.%), FeOT (16.53 vs. 5.91-8.20 
wt.%), MgO (5.34 vs. 1.75-3.01 wt.%) and P2O5 (0.48 vs. 0.18-0.35 wt.%) and low SiO2 
(48.30 vs. 60.19-63.11 wt.%) Al2O3 (14.87 vs. 17.7-21.06 wt.%). No correlation is 
detected between SiO2 and major elements composition of the Saddlepeak and Salt 
Spring Hills dikes, except for the immobile TiO2 which shows overall decrease with 
increasing SiO2. The altered samples DVD-001 and DVD-006, which have the highest 
LOI (7.01 and 8.89 %), are set apart from the metamorphic samples DVD-002 and DVD-
005 by elevated Al2O3, FeOT and K2O and lower MgO, CaO and Na2O wt.%. All 
metamorphic dikes are metaluminous with molar A/CNK <1. The altered dikes are 
peraluminous and have the highest LOI % out of all analyzed samples. The Mg# varies 
from 31 to 52. 
 
The Cretaceous dike (LOI: 3.12 %) plots very close to the Miocene dikes on most of the 
major element vs. silica diagrams (TiO2: 0.94, Al2O3: 17.10, FeOT: 5.86, MnO: 0.13, 
CaO: 5.95, Na2O: 3.96, K2O: 3.39 wt.%) apart from the lower P2O5 (0.27 wt.%) which is 
similar to the meta-andesite dikes and higher MgO (4.73 wt.%) which is close to the basalt 
magnesium composition. The Cretaceous dike Mg# = 63 is the highest of all studied 




7.2 Trace elements 
 
One Miocene sample, the Cretaceous dike, one metamorphic dike and one altered dike 
that were analyzed for all rare-earth elements by ICP-MS are represented on a chondrite 
normalized REE diagram in Figure 31. All REE-analyzed samples show smooth 
downward slope with a clear LREE enrichment. The Miocene sample has the most 
pronounced degree of LREE/HREE fractionation with (La/Yb)N = 31.45, followed by the 
Cretaceous dike with (La/Yb)N = 15.27 and finally the metamorphic and altered dikes 
 57 
with (La/Yb)N = 9.30-10.58. The light REE enrichment is largest in the Miocene sample 
with (La/Sm)N = 6.24 while the Cretaceous dike and the metadikes have slightly smaller 
but fairly uniform LREE enrichment ((La/Sm)N = 4.07 and 4.06-4.58, respectively). The 
enrichment of heavy REEs is lower with (Gd/Yb)N = 2.83 in the Miocene sample, 
followed by the Cretaceous dike with (Gd/Yb)N = 2.42 and the metamorphic and altered 
dikes with (Gd/Yb)N = 1.40-1.66. None of the REE-analyzed samples have a clear Eu 





Figure 31. Chondrite normalized REE diagram for selected Miocene, metamorphic and altered, and 
Cretaceous samples. Normalization values after Boynton (1984). 
 
 
The MORB-normalized multi-element diagrams (Pearce 1983) for all analyzed samples 
are shown in Figure 32. Elements Th, Hf, Sm and Yb were analyzed from samples 365, 
DVD-001, DVD-005, DVD-007 only. Most of the samples are characterized by overall 
enrichments in LILEs and Th, marked Ta–Nb depletion (Ta below detection limit) and 
Ce enrichment relative to the surrounding elements, and depleted Ti, Y and Yb (the most 
compatible elements) relative to MORB. The Miocene samples form a uniform pattern 
with each other with modest disparities in Sr and Th. The metamorphosed and altered 
dikes have scattered LILE (mobile element) profiles. The two altered dikes (samples 
DVD-001 and DVD-006) form a similar curve from depleted Sr to enriched Rb. Sample 
DVD-002 has anomalously positive Ba-peak. The meta-andesite samples are more 
comparable in the immobile HFSE elements (Nb to Yb). However, the basalt and meta-























































Figure 32. MORB-normalized (Pearce 1983) multi-element diagrams for A) Miocene, B) metamorphic and 























































8. PLAGIOCLASE MAJOR ELEMENT COMPOSITION 
 
Major element composition profiles of plagioclase phenocrysts from Miocene trachyte 
stock (sample DVD-007) and trachyandesite dike (sample DVD-009) were analyzed by 
EPMA in search of elemental variables for the Sr isotope study (Section 9) of the Miocene 
samples. The major element composition of 16 plagioclase phenocrysts were analyzed 
for this study, twelve from the trachyte stock and seven from the trachyandesite dike of 
Ibex Hills. All analyzed plagioclase phenocrysts have multiple EPMA analysis and total 
of 146 analysis spots were measured. Although clean mineral surfaces were selected for 
analysis, seven spots show measurement values that clearly indicate composition of 
inclusions or intergrowths (such as antiperthite). These data are omitted from the data 
analysis below, reducing the analysis data to 139 measurements. Figure 33 shows the 
chemical variability of the analyzed plagioclase on an Ab-An-Or ternary diagram. The 
analyzed plagioclase phenocrysts classify from oligoclase to labradorite and a clear 
distinction can be observed in the plagioclase composition between the trachyte stock and 
trachyandesite dike. A complete list of measured plagioclase major element compositions 
can be found in Appendix 2. 
 
Figure 33. Plagioclase composition of Miocene trachyte stock (DVD-007) and trachyandesite dike (DVD-
009) on an Ab-An-Or ternary diagram. The trachyandesite dike is generally more anorthite-rich although the 
























8.1 Trachyte stock of Ibex Hills (DVD-007) 
 
The analyzed plagioclase phenocrysts (n = 9; 89 accepted analysis spots) from the Ibex 
Hills trachyte stock show the following major element content: SiO2 52.90–62.20 wt.%, 
Al2O3 19.68–27.13 wt.%, MgO <0.08–0.33 wt.%, CaO 5.20–9.42 wt.%, Na2O 4.41–7.44 
wt.% and K2O 0.42–1.62 wt.%. The trachyte plagioclase composition ranges from 
oligoclase to andesine (An27-48) (Figure 34). The maximum variation in An content within 
a single phenocryst ranges from 4.73 to 20.82 mol.% units. 
 
 




8.2 Trachyandesite dike of Ibex Hills (DVD-009) 
 
The plagioclase phenocrysts (n = 7; 52 accepted analysis spots) of the trachyandesite dike 
of Ibex Hills show the following major element composition: SiO2 51.98–58.16 wt.%, 
Al2O3 23.43–29.03 wt.%, MgO <0.08–0.89 wt.% (<0.08: below detection limit), CaO 
8.37–12.65 wt.%, Na2O 3.89–6.28 wt.% and K2O 0.32–0.83 wt.%. The anorthite content 
in the trachyandesite dike is predominantly higher than in the trachyte stock (An42-63) with 














Trachyte stock DVD-007 
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maximum variation in An content within a phenocryst varies between 5.99 and 13.87 
mol.% units. 
 
Figure 35. Variation of anorthite (mol.%) in plagioclase phenocrysts in Miocene trachyandesite dike of Ibex 




9. PLAGIOCLASE STRONTIUM ISOTOPE COMPOSITION 
 
All in situ laser ablation analyses were made on one thick section from the Miocene 
trachyte stock and another one from the trachyandesite dike. The Rb concentration within 
the plagioclase is considered as evidence of cracks, inclusions and overall contamination, 
thus analysis spots with 87Rb/86Sr ratio over 0.03 (n = 5) are omitted from the analysis to 
maintain the quality of data. The accepted spot mode analyses (n = 59) of 15 phenocrysts 
from the trachyte stock yielded measured 87Sr/86Sr values of 0.70719 to 0.70983 (Figure 
36). The laser ablation measurements of the trachyandesite dike (21 phenocrysts; 48 
accepted spots) resulted in overall slightly more uniform 87Sr/86Sr ratios ranging from 
0.70737 to 0.70884 (Figure 36). The average of spot mode analysis is 0.70756 ± 0.00048 
(1s) for the stock, the dike has more radiogenic average with mean value of 0.70792 



















Figure 36. In situ laser ablation results from trachyte stock DVD-007 and trachyandesite dike DVD-009 of 




From the trachyte stock and trachyandesite dike the Sr isotope data from selected 
phenocrysts are coupled with plagioclase An mol percent for each analysis spot. The 
plagioclase anorthite composition data are presented as an average of two analysis spots 
for each LA-MC-ICP-MS measurement sites, except for spots where EPMA 
measurements provided unacceptable data. In these cases, the An mol percent is based on 
one measurement only (see Appendix 2). Figure 37 shows the locations of the analyzed 
phenocryst in the two thick sections (trachyte stock DVD-007 and trachyandesite dike 
DVD-009) and the approximate laser ablation analysis site (spot and line traverse mode) 



































































Figure 37. Thick section photographs of A) trachyte stock DVD-007 and B) trachyandesite dike DVD-009 of 
Ibex Hills showing locations (with blow-ups a-c (in A) and a-d (in B) of specified phenocrysts) of the selected 














phenocrysts analysed for plagioclase major element and Sr isotope composition and laser ablation analysis 
spots and line traverse (A-A’) sites within phenocrysts. Spot marker (white circle) not to scale. 
 
 
The overall plagioclase characteristics of the selected phenocrysts from the analyzed 
samples are compared in Figure 38. Compositionally, the trachyte stock (DVD-007) is 
more evolved than the trachyandesite dike (DVD-009). The Sr isotopic compositions 
largely overlap; however, the least radiogenic 87Sr/86Sr ratios are measured in the trachyte 
stock, while the trachyandesite dike holds most of the more radiogenic 87Sr/86Sr ratios. It 
should be noted that all 87Sr/86Sr ratios exceeding the value of 0.708 in the trachyte stock 
are measured from a single phenocryst (see Chapter 9.1.1). The complete list of laser 






Figure 38. In situ laser ablation results from trachyte stock DVD-007 and trachyandesite dike DVD-009 of 
Ibex Hills represented on a 87Sr/86Sr versus An (mol.%) diagram highlighting the more anorthite rich and 
more radiogenic composition of the trachyandesite dike DVD-009. Red circles show average 87Sr/86Sr and 


















9.1 Trachyte stock of Ibex Hills (DVD-007) 
 
Overall, the 87Sr/86Sr ratios measured in the trachyte stock phenocryst rims show slightly 
less radiogenic values than the ratios measured in the phenocryst mid sections, although 
there is overlap in the values (Figure 39). The three measurements with 87Sr/86Sr ratio 
exceeding 0.7080 are all analyzed in crystal DVD-007 PLG 1. No major differences can 





Figure 39. Phenocryst rim and mid-section values of representative phenocrysts in dacite stock of Ibex Hills 
(DVD-007) on An (mol.%) vs. 87Sr/86Sr diagram. 
 
 
The variation in 87Sr/86Sr ratios and An content across representative plagioclase crystals 
in trachyte stock are shown in Figures 40 and 41. All measured plagioclase crystals show 
variation in 87Sr/86Sr ratio from core to rim and the 87Sr/86Sr ratios generally decrease 
towards the phenocryst rims from the core and mid-crystal values. Five phenocrysts 
(DVD-007 PLG 1, DVD-007 PLG 2, DVD-007 PLG 3, DVD-007 PLG 5 and DVD-007 
PLG 10) were analyzed with multiple laser ablation measurements across the length of 
the crystal. Four phenocrysts (DVD-007 PLG 6, DVD-007 PLG 7, DVD-007 PLG 8 and 
DVD-007 PLG 13) were analyzed from core and rim only. Further three phenocrysts 


















traverse across the width of the phenocryst (Figure 42) to show more detailed analysis of 
the 87Sr/86Sr ratios on a crystal scale. 
 
Both the 87Sr/86Sr ratio and the anorthite content oscillate in phenocryst DVD-007 PLG 
1. The phenocryst mid-section (Figure 40 A) has the most radiogenic 87Sr/86Sr ratio 
(0.70983) of the measured spot mode values while the lowest 87Sr/86Sr ratio (0.70727) in 
this phenocryst is measured in the rim. The An content varies from 30 to 43 mol percent, 
the lowest value is measured in the mid-section, the highest in the rim. Although both the 
87Sr/86Sr ratio and An content shift across the crystal, they do not manifest an obvious 
relationship. DVD-007 PLG 3 (Figure 40 B) has oscillatory 87Sr/86Sr and An mol percent 
zoning. The in situ Sr isotopic ratios vary between 0.70724 and 0.70783 and are measured 
in the phenocryst rim and mid-section respectively. Overall the An content changes 
between 31 and 42 mol.%. The lowest An content is measured in the phenocryst mid-
section where the 87Sr/86Sr ratio is generally high while the An content increases towards 
the phenocryst edge where the 87Sr/86Sr ratio decreases. However, as in DVD-007 PLG 
1, the anorthite content and 87Sr/86Sr ratio do not have a clear relationship. The 87Sr/86Sr 
ratio in plagioclase crystal DVD-007 PLG 5 (Figure 40 C) oscillates from rim to core to 
rim between 0.70726 and 0.70740. The anorthite content ranges from 30 to 42 mol.% and 
correlates with the in situ Sr isotopic ratios by increasing with decreasing Sr ratios and 
decreasing with increasing Sr ratios. DVD-007 PLG 10 (Figure 40 D) has oscillating 
87Sr/86Sr ratio ranging from 0.70732 to 0.70754 while the An content mostly remains at 
~33 mol.% except briefly increasing to 42 mol.% in the crystal mid-section where the 
87Sr/86Sr ratio is lower than in the adjacent analysis spots. Phenocryst DVD-007 PLG 2 
shows a small but steady decrease in 87Sr/86Sr ratios from core to rim. The two innermost 
ablation spots have similar 87Sr/86Sr ratios at ~0.7074, the ratio decreasing to ~0.7073 at 
the both ablation spots towards the phenocryst rims. The change in An content is minor 
























































































































































Figure 40. Plagioclase phenocryst BSE images showing LA-MC-ICP-MS analysis spots with 87Sr/86Sr ratios 
and LA-MC-ICP-MS and EPMA results diagrams for A) DVD-007 PLG 1, B) DVD-007 PLG 3, C) DVD-007 
PLG 5, D) DVD-007 PLG 10 and E) DVD-007 PLG 2. Yellow arrows in BSE images indicate approximate 
locations of EPMA analysis spots. Black square = 87Sr/86Sr (error bar not shown if magnitude of 2s within 
the symbol parameter); circle = An mol.%. 
 
 
Four phenocrysts (DVD-007 PLG 6, DVD-007 PLG 7, DVD-007 PLG 8 and DVD-007 
PLG 13) were measured with analysis spots in core and rim only and the results attest to 
the trend of decreasing 87Sr/86Sr ratio from core to rim (Figure 41 A-D). All, except 
phenocryst DVD-007 PLG 7 which has slightly increasing An content from core to rim, 





































































































Figure 41. Plagioclase phenocryst BSE images showing LA-MC-ICP-MS analysis spots with 87Sr/86Sr ratios 
and LA-MC-ICP-MS and EPMA results diagrams for A) DVD-007 PLG 6, B) DVD-007 PLG 7, C) DVD-007 
PLG 8 and D) DVD-007 PLG 13. Yellow arrows in BSE images indicate approximate locations of EPMA 
analysis spots. Black square = 87Sr/86Sr (error bar not shown if magnitude of 2s within the symbol 



















































Line traverse across the width of the phenocryst (Figure 42) were measured for three 
phenocrysts (DVD-007 PLG 1, DVD-007 PLG 10 and DVD-007 PLG 17) and exhibit a 
more detailed analysis of variation in the 87Sr/86Sr ratios on a phenocryst scale. (See image 
37 for phenocryst locations on thick section). All line traverse analyses show oscillating 
changes in the Sr-isotope values, forming roughly symmetrical 87Sr/86Sr peaks on both 
sides of the phenocryst cores. The line traverse analyses yield more substantial variety in 
the 87Sr/86Sr ratios across the phenocryst than was recorded in the spot mode analyses, 
and various high 87Sr/86Sr peaks were measured in all three phenocrysts. In DVD-007 
PLG 1 the 87Sr/86Sr ratio varies between 0.7075 and 0.7150 with various high Sr isotope 
ratio peaks across the grain. The 87Sr/86Sr ratio in phenocryst DVD-007 PLG 10 ranges 
from 0.7075 to 0.7189 and the measurements form several high Sr isotope peaks along 
the analysis line. Similarly, DVD-007 PLG 17 shows high Sr peaks across the phenocryst, 
although the variation in 87Sr/86Sr ratio is not as significant as in phenocrysts DVD-007 


































































Figure 42. 87Sr/86Sr isotopic LA-MC-ICP-MS line traverse rim-to-core-to-rim (A-A’) profile of A) DVD-007 









Figure 43. Comparison of rim and mid-crystal in situ laser ablation measurement versus An mol.% for 
representative plagioclase phenocrysts in the trachyandesite dike of Ibex Hills (DVD-009). 
 
Figure 43 outlines the representative phenocryst rim and mid-section in situ 87Sr/86Sr laser 





























DVD-007 PLG 17 
Trachyandesite dike DVD-009 
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(DVD-009). Like the trachyte stock, the less radiogenic Sr isotope values are typically 
measured in the phenocryst rims. The plagioclase rim compositions are slightly more 
evolved, although the An mol.% values largely overlap. 
 
The 87Sr/86Sr ratios and plagioclase anorthite content on a single phenocryst scale for 
sample DVD-009 are shown in Figure 44 to 46. The decrease in 87Sr/86Sr ratios is mostly 
smooth across the length of the phenocryst and the characteristic feature of oscillating 
87Sr/86Sr ratio commonly observed in the trachyte stock is recorded only in one of the 
trachyandesite dike phenocrysts, DVD-009 PLG 16 (Figure 44). The highest 87Sr/86Sr 
ratio in this phenocryst, ~0.7084, is measured in the mid-sections while the Sr isotopic 
values in the rim decrease to ~0.7077. The An content forms an oscillating pattern in the 
phenocryst mid-section increasing with decreasing 87Sr/86Sr ratio and decreasing with 
increasing 87Sr/86Sr ratio, but decreases slightly towards the rim. The total variation of An 




Figure 44. Plagioclase phenocryst BSE images showing LA-MC-ICP-MS analysis spots with 87Sr/86Sr ratios 
and LA-MC-ICP-MS and EPMA results diagrams for DVD-009 PLG 16. Yellow arrows in BSE images 
indicate approximate locations of EPMA analysis spots. Black square = 87Sr/86Sr (error bar not shown if 


































The Sr isotopes profiles in phenocrysts DVD-009 PLG 11, PLG 14 and PLG 18 are 
similar (Figure 45). The 87Sr/86Sr ratios measured in the mid sections of these phenocrysts 
are typically >0.7080 and the value decreases to 0.7075-0.7076 in the rims. The anorthite 
mol.% content mostly follows the 87Sr/86Sr value across the phenocryst, i.e. the An 
content decreases from core to rim in line with the decreasing 87Sr/86Sr ratio. The 
maximum DAn in the DVD-009 PLG 11, PLG 14 and PLG 18 are 6, 5 and 8 mol.% units 
respectively. The smallest of the analyzed phenocrysts DVD-009 PLG 17 has least variety 
between core and rim 87Sr/86Sr ratios (~0.7078 and ~0.7076). The anorthite content 
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Figure 45. Plagioclase phenocryst BSE images showing LA-MC-ICP-MS analysis spots with 87Sr/86Sr ratios 
and LA-MC-ICP-MS and EPMA results diagrams for A) DVD-009 PLG 11, B) DVD-009 PLG 14, C) DVD-
009 PLG 18 and D) DVD-009 PLG 17. Yellow arrows in BSE images indicate approximate locations of EPMA 
analysis spots. Black square = 87Sr/86Sr (error bar not shown if magnitude of 2s within the symbol 
parameter); circle = An mol.%. 
 
 
Contrary to the common overall trend of decreasing Sr isotopic composition from core to 
rim, one phenocryst, DVD-009 PLG 1, shows increasing 87Sr/86Sr ratios from core 
(~0.7074) to rim (~0.7079) (Figure 46). The An content varies between 46 and 54 mol.% 
and seems not to form any obvious relationship with the 87Sr/86Sr ratios. Because of the 
large number of cracks and inclusions in phenocryst DVD-009 PLG 9, a large section of 
the crystal could not be measured for 87Sr/86Sr ratios (Figure 46). The three measurements 
obtained from this phenocryst fall within the 2s standard deviation values. Whether the 


































Figure 46. Plagioclase phenocryst BSE images showing LA-MC-ICP-MS analysis spots with 87Sr/86Sr ratios 






















































arrows in BSE images indicate approximate locations of EPMA analysis spots. Black square = 87Sr/86Sr 







The division to the four dike categories – Miocene, metamorphic, altered and Cretaceous 
– follows throughout the following chapter. The discussion will evaluate petrographic 
and geochemical similarities as well as differences between the sample groups. The 
secondary mineral overprint of the metamorphic and altered sample groups are addressed 
in detail by assessing the subsolidus processes and metamorphic conditions that have 
affected these samples. Miocene magma chamber dynamics during the Basin and Range 
crustal extension in the Southern Death Valley and magma source characteristics are 
evaluated with plagioclase major element and Sr-isotopic composition on phenocryst 
profiles from the two Miocene samples (trachyte stock and trachyandesite dike). 
 
 
10.1 Petrographic constraints on the sample categories 
 
The petrographic review of the studied samples uncovered substantial differences 
regarding secondary minerals. The Miocene samples of Ibex Hills (DVD-007, DVD-009 
and DVD-010) and Saddlepeak Hills (DVD-001ALT and DVD-001ALT_2) are 
relatively unaltered. Minor (non-pervasive) sericite alteration is common in feldspars as 
is alteration of mafic minerals and secondary filling of amygdules, when present. 
Contrary to the Miocene samples, the metamorphic and altered samples of Saddlepeak 
Hills (DVD-001, DVD-002 and DVD-003) and Salt Spring Hills (DVD-005 and 
DVD-006) are dominated by secondary minerals with only minor, if any, magmatic 
minerals present. The feldspar in the Cretaceous dike of Mojave Desert (365) is 
pervasively altered but the hornblende is magmatic. 
 
The difference in degrees of alteration and presence of secondary minerals, from minor 
sericitization of plagioclase and alteration of mafic minerals in the Miocene samples to 
the pervasive fabrication of the metamorphic and altered samples with secondary 
minerals, suggest that the dikes of Saddlepeak Hills and Salt Spring Hills are unlikely to 
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represent similar emplacement history with the fresh Miocene samples. The Miocene lava 
samples DVD-001ALT and DVD-001ALT_2, collected from the eastern side of 
Saddlepeak Hills adjacent to the location of the altered dike DVD-001, show only minor 
alteration. It is therefore unlikely that these Miocene samples would have retained their 
largely magmatic mineralogy had they been subject to similar metamorphic conditions 
with sample DVD-001. The altered and metamorphic dikes thus must represent an older 
period of dike emplacement in the Death Valley region. 
 
10.1.1 DVD-003 – 1.1 Ga Diabase 
The metamorphic sample DVD-003 shows similar geochemical composition with the 
Proterozoic 1.1 Ga Crystal Spring Diabase as is evident in the TAS-diagram (Figure 28 
and Table 1). Pervasive greenschist facies alteration has been reported in the Crystal 
Spring Diabase by Hammond (1983) and similarities in the secondary mineral 
assemblages and textures between sample DVD-003 and a 1.1 Ga diabase sample from 
Jupiter Hill, California are shown in Figure 47. The grain size in sample DVD-003 is 
smaller and the fabrication by chlorite and epidote is more extensive, but the sub-
ophiolitic texture and abundance of Fe-Ti-oxides are similar. It is therefore likely that 
sample DVD-003 represents a Proterozoic magmatic event and is either a dike or a sill 
emplaced in already cooled diabase sill, or is itself a chilled margin of a diabase sill (dike 




Figure 47. PPL image of A) sample DVD-003 and B) 1.1 Ga diabase, Jupiter Hill, Kingston Range, California. 
Thin section courtesy of J. Calzia and T. Rämö. Both images show typical sub-ophiolitic texture of diabase, 
although feldspar in image A is masqueraded in green secondary minerals. Fe-Ti-oxides are abundant in 





10.2 Sub-solidus processes in the metamorphic and altered sample groups 
 
The metamorphic samples DVD-002, DVD-003 and DVD-005 are characterized with 
typical low-grade greenschist facies metamorphic minerals chlorite, epidote and albite, 
whereas the altered samples DVD-001 and DVD-006 lack both chlorite and epidote but 
have pervasive sericite, secondary quartz and feldspar with abundant oxides. The varying 
mineral assemblages also show on hand specimen scale. The green color of samples 
DVD-002, DVD-003 and DVD-005 reflects epidote and chlorite. Samples DVD-001 and 
DVD-006 are red, and the color is especially intense in the abundant hematite containing 
sample DVD-006. 
 
Secondary mineral assemblages reflect a complex summary of variables in a 
metamorphic environment such as pressure and temperature conditions, rock 
permeability, co-forming mineral assemblage, composition of protolith, composition of 
circulating fluids as well as fO2 (Aguirre and Atherton 1987, Schmidt 1993, Bastias et al. 
2016). The differences in the secondary mineral assemblages between the metamorphic 
and altered sample groups suggest that the samples have been subject to different post-
magmatic conditions. 
 
10.2.1 Metamorphic samples 
Samples DVD-002, DVD-003 (Saddlepeak Hills) and DVD-005 (Salt Spring Hills) 
contain chlorite, epidote, sericite, albite, carbonate and ±actinolite. A comprehensive 
study of the metamorphic conditions that culminated in the secondary minerals observed 
in the studied samples is beyond the scope of this thesis. However, mineral 
geothermometers based on experimental studies of mineral stability in different 
physiochemical conditions have been established and can be applied to estimate the 
temperature-pressure conditions of the studies samples. The secondary minerals chlorite, 
epidote and albite are typical Barrovian low-grade greenschist metamorphic facies 
minerals (e.g. Schmidt 1993, Mathieu 2018, Starr and Pattison 2019) and commonly 
represent regional metamorphism and crystallization at ~300–500°C and 1-4 kbar 
(Kristmannsdottir 1979, Apted and Liou 1983, Bird et al. 1984). However, the typical 
greenschist facies mineral actinolite is not observed in the studied samples except in the 
metadiabase DVD-003. Actinolite commonly forms in temperatures close to 300°C 
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(Kristmannsdottir 1979, Aguirre and Atherton 1987) and it is therefore suggested that the 
metamorphic temperature in the study area did not substantially exceed 300°C. Neither 
field observations nor petrographic examination show evidence of ductile deformation 
(e.g. foliation, folding) in any of the metamorphic samples. However, veins filled with 
secondary minerals or oxidized veinlets showing brittle deformation are common and 
could indicate an effect of retrograde metamorphism, cooling or hydrothermal alteration 
and circulation of fluids (Bastias et al 2016). 
 
10.2.2 Altered samples 
The secondary mineral assemblage of samples DVD-001 and DVD-006 is different from 
that of the samples DVD-002, DVD-003 and DVD-005. Unique to these samples is their 
abundance in white mica, secondary K-feldspar and quartz, and oxides with minor 
carbonate. Epidote and chlorite, minerals observed in the metamorphic samples, are 
absent in DVD-001 and DVD-006. This suggests that the original rock composition, post-
magmatic conditions or fluid composition affecting the samples were different. 
 
 
Table 2. Summary of secondary minerals, LOI % and selected geochemical characters highlighting main 
differences between the metamorphic samples and altered samples. Ep = epidote, Chl = chlorite, Ab = albite, 
Kfsp = potassium feldspar, Amb = amphibole, Bt = biotite, Ser = sericite, Q = quartz, Ox = oxides. 
Sample ID Secondary mineralsa Sample group 
LOI % K2O Na2O CaO MgO 
DVD-002 Ep+Chl+Ab+Kfsp+Ser Metamorphic 2.18 1.33 5.01 5.13 2.38 
DVD-003 Ep+Ch+Amb+Bt Metamorphic 2.73 1.27 2.37 6.55 5.34 
DVD-005 Ep+Chl+Ser+Kfsp Metamorphic 3.26 2.00 2.78 5.09 3.01 
DVD-001 Ser+Q+Kfsp+Ox Altered 7.01 4.07 <0.01 1.96 1.75 
DVD-006 Ser+Q+Kfsp+Ox Altered 8.89 3.33 0.35 2.57 1.92 
a All samples contain carbonate minerals. 
 
 
These differences are reflected in the major element composition of these dikes (Table 
2). Perhaps the most striking difference is that the altered samples are marked by larger 
loss on ignition (LOI = 7.01-8.89%), which reflects a relatively large volatile content in 
these samples compared to the metamorphic samples (LOI = 2.18-3.26%). This 
difference in LOI reflects how these samples were modified by post-solidus processes 
with the altered samples having been more intensively percolated by hydrothermal fluids 
capable of mobilizing the major rock-forming elements. Fluid circulation mobilizes some 
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of the major elements including K, Na, Ca, Fe and Mg (see Chapter 10.4.1) during 
regional metamorphism as well as hydrothermal alteration (Christidis 1998, Neuhoff et 
al. 1999, Kousehlar et al. 2012) and Fe can be oxidized by metamorphic processes 
(Massey 1983). 
 
The differences in the element compositions between the metamorphic and altered 
samples indicate element mobility and resultant precipitation of different secondary 
minerals. The epidote- and chlorite-bearing metamorphic samples have higher CaO and 
MgO, these oxides are less abundant in the altered samples. Of the alkali oxides, Na2O 
has been almost completely removed from the altered samples whereas K2O appears to 
have been added. The sericitization of feldspar suggests mildly acidic alteration with 
effective removal of Na and Ca and adding of K (Nogami and Yoshida 1995, Mathieu 
2018). Also, precipitation of quartz, which is especially abundant in sample DVD-006, 
indicates acidic fluid circulation (Kousehlar et al. 2012). Leaching of usually immobile 
Al can be triggered by acidic solutions (Nogami and Yoshida 1995). However, no major 
differences are apparent in the Al2O3 content between the samples, although the altered 
samples have slightly higher aluminum. As decrease of pH increases the rate of Al 
leaching (Nogami and Yoshida 1995), the fluid affecting these samples were probably 
only mildly acidic. 
 
The petrography of the altered samples does not show evidence for these samples having 
contained chlorite or epidote prior to hydrothermal alteration, although later fluid 
interaction might have altered the original secondary mineral assemblage. For example, 
epidote effectively dissolves in acidic conditions, such as in CO2-rich fluid systems, by 
releasing Ca that can further contributed to the formation of carbonate (Marieni et al. 
2021). All in all, the hydrated and oxidized profile of these samples combined with K 
enrichment and Na loss could imply low temperature (<100°C) hydrothermal 
metamorphism, typically discovered in oceanic metabasalts or retrograde metamorphic 






10.3 Conditions of metamorphism 
 
The secondary mineral assemblages of the studied metamorphic samples are typical of 
burial metamorphism processes (e.g. Schmidt 1993, Schiffman 1995, Bastias et al. 2016). 
Non-deformational low-grade metamorphosis has been recorded in a number of different 
geologic settings. These include the Precambrian Jotnian and sub-Jotnian lava sequences 
of central Sweden (Nyström 1983), the Proterozoic Zig-Zag Dal basalts of Greenland 
(Bevins et al. 1991) and the Proterozoic North Shore Volcanic Group in Minnesota 
(Schmidt 1993). The Mesozoic to Cenozoic arc related volcanic rocks of the Andean 
Cordillera are overprinted by zeolite to greenschist facies hydrothermal-burial 
metamorphism (Aquirre and Offler 1985, Aquirre and Atherton 1987). 
 
Low- to medium-grade metamorphism related to the Mesozoic-Paleogene Sevier-
Laramide orogeny has been widely reported in the southwestern USA (e.g. Lima et al. 
2018, Long and Soignard 2016, Hoisch et al. 2014), although Cenozoic magmatism and 
crustal extension structures have made identification of them challenging (DeCelles 2004, 
Long and Soignard 2016). Examples of metamorphism recorded in the southwestern USA 
include thrust burial related to Mesozoic Barrovian metamorphism and crustal thickening 
in the Proterozoic sedimentary strata in the Funeral Mountains, northeastern Death Valley 
(Hoisch et al. 2014, Mattison et al. 2007); indications of similar burial metamorphism are 
absent from Tertiary sedimentary strata (Mattison et al. 2007). Elevated temperatures 
affected the Proterozoic basement gneiss of Black Mountains (adjacent to Ibex Hills) 
during the Sevier-Laramide orogenesis (Lima et al. 2018). Also, late Cretaceous shallow-
crustal greenschist facies metamorphism of Cambrian to Pennsylvanian sedimentary 
rocks is recorded in eastern Nevada (Long and Soignard 2016). The Mesozoic-Paleogene 
orogenesis of western USA comprises a complex history of crustal shortening, Barrovian 
metamorphism and local extension in the retroarc hinterland and Sevier thrust belt east 
of the Sierra Nevada magmatic arc (DeCelles and Graham 2015). The compression 
tectonics of the Sevier-Laramide orogenesis might have caused the low-grade 
metamorphic sub-solidus processes and secondary mineral formation in the samples of 
this study, located in the Sevier hinterland and at the margins of the Sevier fold-thrust 
belt (Figure 1). 
 
 86 
It is not clear why the altered samples are different in mineralogy from the metamorphic 
samples. Geographically, the altered samples are located in the middle of the 
metamorphic samples and thus the decreasing effect of burial metamorphic stratigraphy 
seems implausible (Figures 4 and 5). The distance between the altered sample DVD-006 
and metamorphic sample DVD-005 is ca. 1200 meters. The altered and metamorphic 
samples do not necessarily represent same age and the rock composition and primary 
mineralogy could have been different. Also, rock permeability affects the rate and style 
of metamorphism and the degree of alteration is not necessarily linked to the depth of 
burial (Schmidt 1993). The physical character of a basalt flow, such as flow thickness and 
presence of vesicles affects the rock permeability and consequent fluid/rock ratios 
controlling the level of metamorphism (Bevins et al. 1991). The altered sample DVD-001 
is located in a fault zone and thus in an ideal place for passing fluids. Similarly, sample 
DVD-006 contains vesicles, now filled with secondary products. These physical features 
could have enhanced the retrograde hydration and oxidation of these two samples. 
 
Contact metamorphism is another possibility for the cause of recrystallisation of 
secondary minerals of the metamorphic and altered dikes of this study. The dike swarm 
of White-Inyo Range includes mafic and intermediate dikes that are metamorphosed up 
to upper-greenschist facies, generated by contact-metamorphism during injection of 
Jurassic-Cretaceous granitoids (Ernst 1997). Having metamorphosed to greenschist 
facies, the metamorphosed dikes of the present study bear similarities with the 
metamorphosed White-Inyo Range mafic dikes. A Cretaceous pluton is exhumated in the 
southern section of Salt Spring Hills and thus could have provided heat source for contact 
metamorphism as well as hydrothermal alteration. Miocene volcanic rocks in the 
Saddlepeak Hills can contribute as further heat source.  
 
 
10.4 Whole-rock geochemical constraints on sample categories 
 
10.4.1 Evaluation of post-magmatic element mobility 
The chemical composition of igneous rocks is a combination of source composition 
modified by partial melting, fractional crystallization, assimilation and sub-solidus 
processes. As discussed above, the metamorphosed and altered dikes of Death Valley 
have been affected by alteration processes evident in the abundance of secondary minerals 
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and the possibility thus exists that the major element geochemistry of these samples is 
unlikely to represent magmatic composition. Major elements and the large ion lithophile 
elements (LILEs) Ba, Sr, Rb, K and Cs are prone to be mobilized by post-magmatic 
processes such as metamorphism and hydrothermal alteration (El Korh et al. 2009, Jenner 
et al. 2009) whereas the REEs and HFSE (Nb, Ta, Zr, Hf) and transition metals Cr, Ni 
are immobile (Pearce and Norry 1979), although the latter should not be considered 
completely immune to metamorphic or hydrothermal processes (Ague 2017). The major 
element oxide versus SiO2 diagrams (Figure 30) show inconsistences between the 
metamorphic and altered samples, suggesting different source composition or sub-solidus 
element mobility. Based on differences in LOI percentage and some major element oxides 
(e.g. K2O, Na2O), it was established in Chapter 10.2 that the metamorphic and altered 
samples have been differently affected by fluid-induced element mobility. 
 
MORB normalized multielement diagrams show consistent behavior for LIL-elements 
for the Miocene samples but irregular patterns for the metamorphic and altered samples 
(Figure 32). The scatter of the LILEs in the metamorphic and altered samples is 
interpreted here to have been caused by post-magmatic alteration, although the overall 
enrichment of LILEs over HFSEs in the metamorphic and altered samples is considered 
magmatic. The behavior of the generally immobile HFSEs is more coherent also in the 
metamorphic and altered samples implying that these elements have remained mostly 
immobile. There are, however, few HFSE anomalies between the samples, such as high 
Ti relative to Y in samples DVD-002 and DVD-003 as well as in the Cretaceous sample 
356 (Ti/YN > 1 vs. Ti/YN < 1 for rest of the samples) (Figure 32). The positive Ti anomaly 
relative to Y reflects abundant Fe-Ti-oxides in samples DVD-003 and DVD-002 and in 
the Cretaceous dike possibly the incorporation of Ti into hornblende. 
 
Altered samples DVD-001 and DVD-006 and the Miocene sample DVD-010 have 
relatively high volatile contents, LOI = 7.01, 8.89 and 6.35% respectively, compared to 
the rest of the samples (LOI ≤ 4.06%). To test whether the LILE mobility in these samples 
was affected by LOI, Sr, K, Rb and Ba vs. LOI are shown in Figure 48. The elevated K 
attests to the earlier analysis of K-metasomatism as it correlates with the LOI. Similarly, 
Rb appears to be added by fluids to the metamorphic and altered samples whereas Sr is 
removed. The trend is opposite in the Miocene samples: Rb and K have negative 
correlation, Sr is increased with LOI, although changes in the Miocene samples are minor. 
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Ba seems to be unaffected by the changing LOI. For comparison, generally immobile 
HFSE Nb and Zr (not shown) are not correlated with LOI. Similarly, sometimes mobile 
HFSEs La and Th appear to be unaffected by the changing LOI and are thus considered 
here to represent magmatic values (Figure 48). To constrain the primary geochemical 




Figure 48. LILEs Sr, K, Rb and Ba and less mobile La and Th versus LOI % to reveal fluid induced element 
mobility in the metamorphic samples. A) Sr is removed, B) K is added, C) Rb is added, D) Ba, E) La and F) 















































































10.4.2 Compositional trends between the sample groups 
The different K2O content of the Miocene and metamorphic samples at roughly similar 
SiO2 questions the genetic affinity of these samples and origin from a single source 
(Figure 49). Alternatively, the K2O content of the metamorphic samples could have been 
affected by metamorphic processes. As noted above, the potassium content of samples 
DVD-001 and DVD-006 does not represent magmatic values and these two dikes could 
have represented medium-K composition prior to alteration. Apart from signifying 
different source composition from the metamorphic samples, the high K2O in the 
Miocene samples could be a response to an extensional strain producing a smaller degree 
of partial melts and coinciding enrichment in incompatible elements. Putirka and Platt 
(2012) documented such decrease in partial melts fractions and increase in the 
abundances of incompatible element in the Basin and Range magmas towards the east of 





Figure 49 continues… 










































Figure 49. A) K2O vs. SiO2 diagram. The Miocene and Cretaceous samples plot on the high-K field, 
metamorphic as medium-K. Samples DVD-001 and DVD-006 plotting as high-K are likely to have elevated 
K2O content by subsolidus processes. B) AFM diagram (Irvine and Baragar 1971). The Miocene, Cretaceous 
and two metamorphic samples plot as calc-alkaline, metadiabase DVD-003 and two metamorphic samples 




The Miocene, the Cretaceous and metamorphic samples DVD-005 and DVD-002 are 
defined as calc-alkaline on the K2O+Na2O – FeO* – MgO diagram of Irvine and Baragar 
(1971) whereas the metadiabase DVD-003 and altered DVD-001 and DVD-006 plot as 
tholeiitic (Figure 49). However, post-solidus processes (K-metasomatism) indicated by 
samples DVD-001 and DVD-006 are likely to have mobilized Mg (MgO is lower in these 
two samples compared to samples DVD-002 and DVD-005). The metamorphic and 
altered samples DVD-001, DVD-002, DVD-005 and DVD-006 are thus medium-K calc-
alkaline rocks whereas the metadiabase sample DVD-003, however, could be a “true” 
tholeiite. 
 
Further constrains on the source composition can be drawn from the chondrite normalized 
REE patterns (Figure 31). The four ICP-MS/OES-analyzed samples (Table 1) can be 
grouped into three categories based on their REE pattern. The Cretaceous dike sample 
365 has relatively high (La/Sm)N (=4.07) and (Gd/Yb)N (=2.42), the meta-andesite 
A M
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samples DVD-001 (altered) and DVD-005 (metamorphic) have similar (La/Sm)N (=4.06) 
but lower (Gd/Yb)N (=1.40-1.66). The Miocene sample DVD-007 is the most enriched in 
LREE with (La/Sm)N =6.24 but is more depleted in HREE than the metamorphic and 
altered samples and has (Gd/Yb)N similar with the Cretaceous dike (=2.83). The overall 
(La/Yb)N ratios for the Cretaceous, metamorphic and altered, and Miocene samples are 
15.27, 9.30-10.58 and 31.45, respectively. The higher LREE of the Miocene samples with 
a similar small Eu anomaly further suggests that it is unlikely that the Miocene samples 
are subsequent derivatives from the source of the metamorphic and altered samples or 
that these sample groups are co-genetic. The geochemical features support the 
petrographic evidence that the metamorphic and altered samples represent an older period 
of dike emplacement than the Miocene samples coeval with Basin and Range extension. 
 
10.4.4 Subduction signature 
All the studied samples show overall enrichment in MORB-normalized large ion 
lithophile elements (LILE) over high field strength elements (HFSE) and a notable 
depletion in Nb and Ta relative to LILEs and LREEs. These geochemical features are 
characteristic of arc magmas related to subduction of an oceanic crust (Gill 1981, Pearce 
and Peate 1995, Münker et al. 2004). The enrichment of the generally mobile LILEs are 
derived from the subducting slab component of wet sediments and basaltic oceanic crust 
by aqueous fluids that are mobilized by the heat in the mantle. Magmas generated from 
these components are enriched in LILEs Sr, K, Rb, Ba and depleted in immobile HFSEs 
Nb, Ta, Zr and Hf (Pearce and Peate 1995, Pearce and Stern 2006). 
 
The enrichment of LILEs in subduction related magmas can be employed to distinguish 
lithospheric mantle derived magmas from enriched asthenospheric magmas as well as 
depleted MORB magmas with LILE over HFSE ratios such as La/Nb or Ba/Nb. The 
Ba/Nb vs. Nb/Y diagram (Figure 50) presents the effect of slab derived subduction 
element with Ba and the effect of mantle enrichment with Nb. The denominators 
minimize the effects of fractional crystallization. The horizontal line represents the 
minimum Ba/Nb ratio (=28) for magmas with subduction character as suggested by Fitton 
et al. (1988).  The plot shows that the Cretaceous sample 365 has the highest subduction 
component. The metamorphic and altered samples show varying subduction component, 
the metadiabase DVD-003 has the lowest value and falls beneath the proposed minimum 
Ba/Nb ratio for subduction component. All the Miocene samples have moderate and 
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almost constant Ba/Nb. The Miocene samples show most enriched mantle component 
relative to the rest of the studied samples and have higher Nb/Y ratio. However, as Nb is 
more incompatible than Y, the degree of partial melting may affect the Nb/Y ratio, 
although Pearce and Stern (2006) argue that the effect of mantel enrichment in the value 
of Nb is superior to the effect of partial melting. The Cretaceous dike with metamorphic 
and altered samples show similar Nb/Y ratios. All samples show La enrichment relative 
to average N-MORB, E-MORB and OIB. The Ba/Nb and La/Nb show positive 




Figure 50. Ba/Nb vs. Nb/Y and Ba/Nb vs. La/Nb diagrams. The subduction character represented by high 
Ba/Nb (LILE/HFSE) is highest in the Cretaceous dike. Ba/Nb values are similar for the Miocene, 
metamorphic (except DVD-003) and altered samples. The metadiabase DVD-003 falls below the minimum 
subduction Ba/Nb value 28 (Fitton et al. 1988). The Miocene samples are the most enriched in mantle 
component (Nb/Y). La/Nb showing LILE enrichment and implying subduction character is similar in all of the 
samples except DVD-003, which has the lowest La/Nb. Average N-MORB, E-MORB, OIB for comparison 
(values are from Sun and McDonough 1989). 
 
 
10.4.5 Miocene samples: typical Basin and Range extension magmas in the Death Valley 
region 
Typical for the Basin and Range crustal extension magmatism in the southwestern USA 
is a temporal shift from lithospheric mantle source magmas to asthenorpheric mantle 
source magmas. This signifies the change from compression tectonic setting to an 
extensional one, evident in thinning of the crust and upwelling of the asthenosphere. Such 
temporal shifts have been recorded across the Basin and Range province, including the 
Colorado River Through (Bradshaw et al. 1993), Lunar Crater Volcanic Field (Valentine 
and Perry 2007) and central Nevada (Farmer et al. 1989). The shift in magma composition 
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is commonly linked to the arrival of the Mendocino Triple Junction (Putirka and Platt 
2012). However, no clear change into asthenospheric source has been documented in the 
Basin and Range magmatism in the Death Valley region. 
 
Lithospheric mantle character is demonstrated in the Ce/Y vs. Zr/Nb diagram (Figure 51) 
where the Ce/Y emphasizes the level of LILE enrichment and Zr/Nb the magnitude of 
the Nb anomaly. All samples of this study plot outside the typical OIB composition. The 
Miocene samples are most LILE enriched and the samples DVD-002 and DVD-006 have 
the largest Nb anomaly. As Ce is more incompatible in typical mantle phases relative to 
Y, the higher Ce/Y ratio also reflects smaller degree of melting. The arc-like character in 
the extension related magmas reflects a relatively thick and old lithospheric mantle 
beneath eastern California and southwestern Nevada that has preserved the composition 
of an undisturbed ancient subduction event and creating local heterogeneities enriched in 
incompatible elements in the lithospheric mantle (Fitton 1988, Farmer et al. 1989). The 
dated Miocene dike has a K-Ar age of 12.7 Ma and therefore represents early extension 
magmas in Death Valley where extension initiated 13 Ma ago (Fowler and Calzia 1999). 
The subduction character of the Miocene samples demonstrated on the Ce/Y vs. Zr/Nb 
diagram thus implies that these early Basin and Range magmas of Death Valley 
originated in lithospheric mantle rather than asthenospheric mantle. 
 
 
Figure 51. Samples plotted on Ce/Y vs. Zr/Nb diagram. The Miocene samples have highest Ce/Y (LILE 
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values overlap through all samples. The average N-MORB, E-MORB and data from HIMU and EM1 type 
ocean island basalt are plotted for comparison. Data for average MORBs from Sun and McDonough 1989 
and for OIBs from Willbold and Stracke 2006. 
 
 
The negative Nb anomaly can also represent contamination of the dike margins by a 
crustal component. However, the possibility of crustal contamination modifying the 
geochemical character of Basin and Range magmatism has been evaluated in a number 
of studies by mainly Nd- and Sr-isotopic analysis with the conclusion that no major 
contamination of crustal component has been detected to affect their geochemical 
character (Fitton et al. 1988, Farmer et al. 1989). 
 
 
10.5 Miocene magma chamber dynamics  
 
The Miocene samples of this study represent the latest period of active magmatism and 
dike emplacement in southern Death Valley. Detailed petrogenetic information recorded 
in plagioclase growth zones can provide insight into magma chamber processes. By 
employing plagioclase phenocryst profiles major element and Sr isotopic composition, 
the following section provides insight into magma chamber dynamics during the Basin 
and Range crustal extension and coeval magmatism.  
 
10.5.1 Origin of An mol.% zoning in plagioclase 
The plagioclase An component partitions between the mineral and liquid relative to the 
Ab component, controlled by melt composition (X), magma temperature–pressure 
parameters (T, P), magma water pressure and oxygen fugacity (PH2O, fO2) and syn- to 
post-crystallization cation diffusion kinetics (Ginibre et al. 2002, Ustunisik et al. 2014). 
 
The melt composition modifies the crystallizing plagioclase composition where the 
mineral An content is controlled by the available amount of Ca relative to Na as well as 
the amount of Al relative to Si. Higher Ca and Al content in melt increases the plagioclase 
An component (Panjasawatwong et al. 1995). Higher temperature melts crystallize more 
calcic plagioclase. Decrease of temperature in isobaric conditions will produce more 
sodic plagioclase and normal zoning, i.e. decrease in plagioclase anorthite content. 
Additionally, the increase of An content in isothermal conditions can be achieved by 
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decrease in total pressure or increase in water pressure (Ustunisik et al. 2014). However, 
the role of total pressure change in modifying the plagioclase anorthite content is small 
relative to the effect of PH2O, T and melt composition (Ginibre et al. 2002, Lange et al. 
2009). PH2O affects the liquidus temperature in the isomorphic An-Ab system. Addition 
of water into melt decreases the melt liquidus temperature, resulting in more calcium-rich 
plagioclase (Ustunisk et al. 2014). Also, water dissolves in silicate melt as both molecular 
H2O and hydroxyl groups (OH). The dissolved OH reacts more preferably with Na than 
Ca, thus ultimately reducing the activity of the plagioclase albite component NaAlSi3O8 
in the melt and thereby the melt anorthite component CaAl2Si2O8 is more available for 
the crystallizing minerals, ultimately producing more anorthite-rich plagioclase (Lange 
et al. 2009). Figure 52 shows the effect of temperature, pressure and water content on the 


















Figure 52. The effect of total pressure and water pressure on plagioclase anorthite content. Decrease in 
total pressure and increase in water pressure lowers the liquidus and solidus and results in higher An mol.%. 
 
 
Oscillatory zoning in plagioclase can be generated by density-driven convection in 
magma chamber (closed-system) or magma recharge and mixing (open-system). Magma 

























melt dissolved water content, which in turn increases the calcic component in the 
crystallizing plagioclase. Magma descent in the convecting chamber generates pressure 
and melt dissolved water content increase, increasing the sodic component in the 
crystallizing plagioclase. Adiabatic decompression and increase in melt water content 
occur hand in hand, producing calcic plagioclase (Ustunisik et al. 2014). The pressure-
directed compositional change in the crystallizing plagioclase generates small scale 
changes in An mol percent. Larger, >10 mol.% change in An is more likely to be caused 
by change in composition, temperature or water content of magma (Grove et al. 1984, 
Ginibre et al. 2002). Recharge by hotter and more primitive magma would increase the 
plagioclase An content by increasing temperature gradient as well as affecting the melt 
composition. Mixing of old (cooler and more evolved) and recharge (hotter and more 
primitive) magmas would decrease the temperature gradient and hybridize the magma 
bulk composition generating compositional variability in plagioclase.  
 
All the analyzed plagioclase phenocrysts in the Miocene Ibex Hills samples show 
variation, albeit small, in the anorthite content across the crystal profiles reflecting 
changing magma chamber conditions. Distinguishing these small changes in An content 
in plagioclase zones created by pressure gradients from zones generated by open-system 
magma chamber with magma recharge and mixing requires analysis of trace element or 
FeO composition of plagioclase zones. The overall more anorthite rich plagioclase 
composition in the trachyandesite dike (An42-63) DVD-009 (Figure 35) compared to the 
plagioclase of the trachyte stock DVD-007 (An27-48) (Figure 34) indicates that these two 
samples were generated in compositionally different magmas. 
 
10.5.2 Origin of Sr isotopic zoning in plagioclase 
Chapter 10.4.5 concluded that the Miocene samples represent Basin and Range source 
magmas (i.e. lithospheric mantle) typically found in Death Valley. Whereas the anorthite 
content can be modified by a number of variables, 87Sr/86Sr ratios recorded in the 
plagioclase growth zones reflect the source 87Sr/86Sr ratios. Isotopes are thus powerful for 
analyzing source compositions. Lithospheric mantle magmas have more enriched Sr-
isotopic composition (higher radiogenic 87Sr/86Sr ratio) compared to asthenospheric 
mantle magmas (Faure 2001). In situ laser ablation analysis from plagioclase core to rim 
profiles records changes in the crystallizing magma Sr-isotopic composition and can thus 
reveal changes in source magmas during the crystallization of plagioclase. 
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The Sr isotope composition of plagioclase is controlled by Sr isotopic composition of the 
crystallizing magma and by open-system processes that affect the Sr isotopic 
composition, such as assimilation of country-rock, magma chamber recharge or 
hybridization of two or more magmas of different isotopic composition. The changes are 
reflected in the crystallizing plagioclase through zones of varying 87Sr/86Sr ratios. As 
basement (cratonic) rocks typically have more radiogenic Sr isotopic composition than 
invading primitive magmas, zones with elevated 87Sr/86Sr ratios are usually a 
consequence of assimilation of country-rock whereas zones with low 87Sr/86Sr ratios 
originate from incorporation of new hotter and more primitive (less radiogenic) magma 
(Tepley et al. 2000, Davidson et al. 2001, Davidson et al. 2007, Andrews et al. 2008). 
 
Diffusion re-equilibration can also modify the Sr isotope composition of phenocryst. At 
magmatic temperatures, diffusion will equilibrate the isotopic composition of the 
different mineral phases within the magma to some extent. However, as the mineral 
growth rate is usually larger than the diffusion rate, equilibrium will influence only few 
micron thick crystal rims. Studies on equilibration between mineral crystal and 
surrounding magma in volcanic rocks indicate that the effect of diffusion in equilibrating 
the isotope composition in minerals is minor (Davidson et al. 2007). 
 
10.5.3 Decrease in 87Sr/86Sr: magma replenishment 
Both Miocene samples examined in this study for Sr isotopes (DVD-007 and DVD-009) 
show variation in 87Sr/86Sr ratios across the phenocryst profiles (Figures 40-42 and 
44-46). The overall decrease in 87Sr/86Sr ratios from core to rim recorded in the 
plagioclase phenocryst profiles in the trachyte stock DVD-007 (mid-section average: 
0.7076; rim average: 0.7073) (Figure 39) expresses a change in the melt composition and 
that the crystallizing magma encountered a less radiogenic contaminant during the 
crystallization of plagioclase. However, many of the analyzed phenocrysts with multiple 
analysis spots and all three phenocrysts analyzed with traverse mode analysis have 
oscillating Sr isotope profile across the phenocryst with oscillating 87Sr/86Sr ratios 
(Figures 40 and 42). This variation is best explained as a result of the crystallizing magma 
being in contact with contaminants with varying Sr isotopic composition – the repeatedly 
peaking Sr isotopic profiles of these phenocrysts cannot be accounted for by diffusion 
(Davidson et al. 2001). It is therefore proposed that the overall decreasing 87Sr/86Sr ratios 
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across the DVD-007 phenocrysts are the result of injection of new less radiogenic magma 
into the crystallizing chamber. 
 
Similarly, the trachyandesite dike DVD-009 shows an overall decrease in 87Sr/86Sr ratios 
from the center to the margins of the examined plagioclase phenocrysts. These 
phenocrysts mostly lack the oscillatory zoning typical for sample DVD-007 phenocrysts 
– only one phenocryst, PLG 16 in DVD-009, shows more radiogenic Sr peaks on the 
phenocryst profile (Figure 44). The Sr isotopic profile for the non-oscillating phenocrysts 
is smooth and shows generally consistent 87Sr/86Sr ratios between the core and rim where 
the core 87Sr/86Sr ratios are typically >0.7080 and those in the phenocryst rims <0.7080 
(Figure 45). This steady drop in Sr-isotopic composition towards the crustal edges 
suggests that the magma chamber was replenished by magma with less radiogenic 
composition prior to final ascent and emplacement of the magma. 
 
10.5.4 Increase in 87Sr/86Sr: assimilation of country rock 
Potential for crustal assimilation is most prominently evident in phenocrysts PLG 1, PLG 
3, PLG 10 and PLG 17 of the trachyte sample DVD-007 (Figures 40 and 42). These 
samples have radiogenic Sr peaks and intermittent lows, the latter reflecting periods of 
crystallization in less radiogenic magma. The 87Sr/86Sr ratios measured at the centermost 
analysis spots of the phenocrysts PLG 1 and PLG 3 are relatively low with 87Sr/86Sr 
increasing symmetrically from the center towards margins (Figure 40). This indicates that 
contamination of country rock occurred shortly after nucleation of the phenocryst from 
magma with lower 87Sr/86Sr ratios. Figure 53 shows division of isotope zones (I, II) 
identified by changing 87Sr/86Sr ratios across phenocrysts PLG 3 and PLG 17 in the 
trachyte sample DVD-007. Zone I represent decrease of 87Sr/86Sr ratios initiated by 
possible magma recharge and zone II represents a period of contamination of country 
rock. Red arrow points to a proposed nucleation composition. Alternatively, phenocrysts 
PLG 3 and PLG 17 in DVD-007 could be examples of plagioclase that nucleated in less 
radiogenic magma that was brought into the main magma chamber by a magma replenish 








Figure 53. An example of representative zones recorded in the plagioclase 87Sr/86Sr profile on the phenocryst 
A) DVD-007 PLG 3 and B) DVD-007 PLG 17. Red arrow = nucleation; zone I = injection of less radiogenic 
magma and hybridization; zone II = assimilation of more radiogenic country rock. Both samples show 
oscillatory zoning and repeated episodes of magma replenish and assimilation. 
 
 
The abnormally high peak in 87Sr/86Sr ratios recorded in one side of phenocryst PLG 1 in 
DVD-007, apparent in both spot mode and line traverse analysis (Figures 40 and 42), 
could result from a close contact with country-rock contaminant or magma with higher 
Sr isotopic composition, while the other side of the phenocryst crystallized in magma 
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Assimilation of more radiogenic contaminant is only suggested in phenocryst DVD-009 
PLG 16 and possibly PLG 1 of sample DVD-009 (Figures 44 and 46). Phenocryst PLG 16 
in DVD-009 has similar symmetrical Sr peaks towards the phenocryst rims as recorded 
in the trachyte stock, suggesting assimilation after nucleation in less radiogenic 
composition. The more radiogenic rims in phenocryst DVD-009 PLG 1 could be 
generated by assimilation. 
 
10.5.5 Open-system magma chamber processes 
The plagioclase phenocryst Sr isotopic profiles of both LA-MC-ICP-MS analyzed 
samples suggest that their magma chamber conditions have been unstable. The oscillatory 
zoning, as recorded in some of the phenocrysts especially in sample DVD-007, indicates 
repeated episodes of magma recharge and hybridization of old and new magmas typical 
of open-system magma chamber dynamics (Tepley et al. 2000, Davidson et al. 2001, 
Davidson et al. 2007, Andrews et al. 2008). It is suggested that the Sr isotopic zoning 
observed in the phenocrysts of sample DVD-007 show that the Ibex Hills magma 
chamber system was open and dynamic. Phenocryst textures support plagioclase having 
crystallized in an open-system magma chamber (Figure 54). Dissolution surfaces are 
typically created by change in composition or temperature of the crystallizing magma and 
indicate recharge of new hotter and/or compositionally different recharge into the magma 
chamber (Tepley et al. 2000, Andrews et al. 2008). Sieve texture or dissolution surfaces 
are visible in some of the plagioclase phenocrysts, especially in the trachyte stock DVD-
007 (Figure 54). Although the phenocryst An component does not clearly correlate with 
the changing Sr-isotopic composition, the plagioclase anorthite composition does 
intermittently decrease with increasing 87Sr/86Sr ratios and vice versa. This is evident for 
example in phenocrysts PLG 3 and PLG 5 of DVD-007 (Figure 40). 
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Figure 54. Photomicrographs (A, B) of plagioclase phenocrysts from trachyte stock DVD-007 showing 
dissolution patches with sieved or dissolved zones. Both phenocrysts have relatively clear core and rim. Red 
arrows point to the dissolution textures. 
 
 
The decreasing anorthite content and increasing 87Sr/86Sr ratio imply incorporation of 
more radiogenic and compositionally evolved contaminant (such as another silicic 
magma or country-rock) followed by increasing anorthite content and decreasing 
87Sr/86Sr ratios. The latter implies assimilation of less radiogenic and compositionally 
more mafic contaminant (such as injection of more primitive magma). However, as the 
magnitude of change in anorthite composition from one EPMA spot to the next is 
typically only a few mol.%, the change could be generated by pressure change in 
convecting magma or local temperature changes, i.e. new, hotter magma with less 
radiogenic Sr composition would also be able to generate more anorthite rich zones due 
to the higher temperature alone. As the change in anorthite composition coincides with 
the changing isotope composition (that cannot be modified by pressure or temperature 
alone), the first explanation is favored. The biggest change between the highest and 
lowest 87Sr/86Sr ratio within a single phenocryst was measured in the largest phenocrysts 
(Figure 40, Appendix 3). For example, in the ~5200 µm long phenocryst PLG 3 of 
DVD-007 the 87Sr/86Sr ratio in the core is 0.70783 and decreases to 0.70724 at the rim 
whereas the corresponding change between core and rim in the smaller ~800 µm long 
phenocryst PLG 8 of DVD-007 is from 0.70738 to 0.70733 (Figure 41).  A longer magma 
residence time for the larger crystal allowed more time for interaction with the evolving 




The lack of oscillatory zoning in the majority of the plagioclase phenocrysts of the 
trachyandesite sample DVD-009 suggests more stable magma chamber conditions 
compared to sample DVD-007. However, the difference between core and rim Sr isotopic 
composition in all of the analyzed phenocrysts implies that sample DVD-009 also 
originates from an open-system magma chamber and that the phenocrysts analyzed reflect 
initial nucleation in a more radiogenic magma and subsequent growth in hybridized, less 
radiogenic magma. The anorthite content in the analyzed phenocrysts show very little, if 
any, change from one analysis spot to another. This implies (1) that the replenishing 
magma had similar anorthite content with the original magma or (2) that the difference 
in composition was small and the phenocryst growth took place in well-mixed magma. 
As with the trachyte sample DVD-007, the small-magnitude changes could also reflect 
local T-P-PH2O changes in the magma chamber. Considering that the plagioclase in the 
trachyandesite sample DVD-009 is more radiogenic but more anorthite rich compared to 
the sample DVD-007, the more mafic composition could reflect magma with larger water 
content. Two phenocrysts, PLG 16 and PLG 1 of DVD-009, enclose further evidence for 
disruption to the crystallizing conditions: PLG 16 shows oscillatory zoning and PLG 1 is 
the only phenocryst with higher rim 87Sr/86Sr ratios relative to the core ratios (Figures 44 
and 46). The mid-section 87Sr/86Sr ratios in phenocryst PLG 1 of DVD-009 are lower than 
any of the 87Sr/86Sr ratios measured in the rims of the rest of the phenocrysts of this 
sample. This suggests that it was brought into contact with the main magma at a later 
stage of the magma evolution, for example during the final ascent prior to emplacement 
in the crust. 
 
A common feature for both the trachyte stock and trachyandesite dike is that, almost 
without exception, the rims of the plagioclase phenocrysts have lower 87Sr/86Sr ratios 
relative to the particular phenocryst mid-section. It is not atypical for an injection of hot 
magma into a magma chamber to trigger magma ascent and eruption (Tepley et al. 2000). 
Based on the plagioclase Sr isotopic profiles, the final ascent of these magmas could have 
taken place shortly after injection of new hotter and less radiogenic magma. 
 
10.5.6 Magma sources 
Figure 55 shows an illustrative representation of the dynamics of open-system magma 
chambers and possible source magmas for the Miocene trachyte and trachyandesite. The 
oscillating 87Sr/86Sr ratios across the phenocryst profiles in trachyte DVD-007 are 
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generated by repeated cycles of recharge of less radiogenic magma into main magma 
chamber with more radiogenic magma and hybridization of two magmas before the final 
ascent and emplacement in the shallow crust. The lack of oscillating 87Sr/86Sr ratios across 
the profiles but lower 87Sr/86Sr ratios at the rim in trachyandesite DVD-009 suggest a 
single recharge of magma with a larger mantle component, hybridization of initial more 
radiogenic and less radiogenic recharge, and rim crystallization in the hybridized magma 
prior to final magma ascent. Phenocryst PLG 1 in DVD-009 implies different evolution 
from the rest of the DVD-009 phenocrysts. It nucleated in less radiogenic magma, came 
into contact with more radiogenic magma during the growth of the crystal and ultimately 



















































































Figure 55. A schematic illustration of open-system magma chamber dynamics for typical plagioclase 
87Sr/86Sr profiles of this study. A) DVD-007. 1: initial nucleation in higher 87Sr/86Sr magma; 2: replenish with 
less radiogenic magma; 3: hybridization of magmas, assimilation of country-rock; 4-6: repeat of 2 and 3; 7: 
final magma ascent shortly after 6. B) DVD-009. 1: nucleation in ~0.708 magma; 2: replenish with ~0.707 
magma; 3: crystallization in hybridized magma; 4: magma ascent. DVD-009 PLG 1 with different evolution. 
1: nucleation in ~0.707 magma; 2: contact with more radiogenic magma; 3: crystal growth in ~0.708 magma; 




10.5.7 Comparison with whole-rock Sr isotopic composition of Miocene felsic rocks of 
southern Death Valley 
The in situ 87Sr/86Sr ratios of plagioclase phenocrysts of the studies samples compare with 
the whole-rock Sr isotopic composition of Miocene felsic rocks of similar age from 
southern Death Valley (Figure 56). The whole-rock (87Sr/86Sr)i of the Miocene felsic 
rocks is generally >0.7080, with few samples reaching just over 0.7100 and few straddle 
in the region of 0.7070 (Calzia and Rämö 2005). These ~0.7080 ratios are similar to the 
core in situ ratios measured in sample DVD-009. The lower end (~0.7070) and higher 
ratios (~0.7100) compare with the in situ ratios typical for sample DVD-007. Combining 
the Sr with Nd and Pb isotopic methods, Calzia and Rämö (2005) suggested lower crustal 
melts with a mantle component as the source for the Miocene felsic rocks of southern 
Death Valley. Following this analysis, it is suggested here that typical sample DVD-007 
phenocrysts nucleated in melt with more mantle component in its composition compared 




































to initial nucleating magma of sample DVD-009. Phenocrysts of sample DVD-009 
developed their rim Sr isotopic composition in magma with similar isotopic value to the 
average mid-section of the phenocrysts in sample DVD-007. 
 
 
Figure 56. Comparison of whole-rock (87Sr/86Sr)i of Miocene felsic rocks of southern Death Valley region 
with maximum, minimum, average rim and average mid-section 87Sr/86Sr ratios measured with in situ LA-
MC-ICP-MS spot-mode from trachyte DVD-007 and trachyandesite DVD-009 of this study. The maximum 
87Sr/86Sr ratios were measured in the phenocryst mid-section in both samples. The minimum 87Sr/86Sr ratio 
in trachyte DVD-007 was measured in the phenocryst rim; the minimum 87Sr/86Sr ratio in trachyandesite 
DVD-009 was measured in the mid-section of phenocryst PLG 1. The whole-rock Miocene felsic (87Sr/86Sr)i 
ratios are from Calzia and Rämö (2005).  
 
 
10.6 Multiple generations of dike emplacement in the southern Death Valley region 
 
Based on the above discussion, it can be concluded (1) that the metadiabase sample 
DVD-003 is likely cogenetic with the 1.1 Ga Diabase and (2) that there has been at least 
two episodes of Phanerozoic dike emplacements in the southern Death Valley region. The 
Miocene samples represent typical Basin and Range magmatism coeval with crustal 
extension. The Cretaceous dike of Mojave Desert was emplaced during the Sevier 
orogeny and cuts the similarly aged Late Cretaceous Teutonia batholith that represents 
late Mesozoic arc magmatism. Compared to the Miocene samples the metamorphic and 
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more episodes of pre-Miocene dike emplacement. The metamorphic samples DVD-002 
and DVD-005 show some petrographic and geochemical similarities with the Cretaceous 
dike. Samples DVD-001 and DVD-006 show different style of alteration but bear some 
similarities in the trace element composition with the metamorphic dikes and the 
Cretaceous dike. Considering that the last period of metamorphism in Death Valley 
region was during the Sevier orogeny, the metamorphic overprint of these samples 
suggests that they are pre-Cenozoic. However, without appropriate geochronological 
analysis (e.g. U- Pb) the exact age of the metamorphic and altered samples, and whether 
they represent one or more magmatic events, remains unknown. 
 
All the dikes considered in this study have a common NW-SE trend. Regional geology 
and the NW-SE strike of the Miocene dikes support the argument that the early Basin and 
Range extension in the Death Valley region was directed southwest, as suggested by the 
direction of Kingston Peak detachment fault. The Cretaceous dike of Mojave Desert is on 
trend with other Mesozoic dikes of southwestern USA, such as the Independence dike 
swarm and the dikes of White-Inyo Range (Coleman et al. 2000). According to Coleman 
et al. the temporal variety of dike injection from Jurassic to Cretaceous is unlikely to 
reflect regional stress imposed by the changing orientation of the subducting plate. 
Instead, the orientation of pre-existing fractures or continental margin might have 
directed the uniform trend of the dike emplacement spanning from Jurassic to Cretaceous. 
All in all, this uniform trend of dike emplacement from Jurassic to Miocene implies that 
the orientation of the maximum compressional stress (1s) was NW-SE during 
generations of dike emplacement in the southern California. Jurassic to Cretaceous 
intrusions, roughly trending NW-SE from the southern Panamint Mountains through 
Avawatz Mountains to the northeastern Mojave Desert with a flank of the Cretaceous 
Teutonia batholith exhumated at the southern tip of Salt Spring Hills, are common in the 
southern Death Valley region (Figure 1). The metamorphic and altered dikes of 
Saddlepeak Hills and Salt Spring Hills, on trend with other Mesozoic dike emplacements 









1. The dikes of Saddlepeak Hills and Salt Spring Hills of southern Death Valley are 
pervasively altered. The secondary mineral assemblage can be divided into two groups. 
The secondary mineral overprint with chlorite, epidote and albite represents low-grade 
regional or contact metamorphism. White mica, quartz, K-feldspar and oxides of two 
Saddlepeak Hills and Salt Spring Hills dike samples DVD-001 and DVD-006 are typical 
for hydrothermally alteration or very low-grade or retrograde metamorphism. 
 
2. The major elements in two southern Death Valley altered samples (DVD-001 and 
DVD-006) have been mobilized and these samples have large LOI. Similar trend was not 
detected in samples DVD-003, DVD-002 or DVD-005. 
 
3. One mapped sample (DVD-003), that cuts the coarse-grained presumably 1.1 Ga 
diabase, shows geochemical and mineralogical similarities with the diabase and 
represents a sill, dike or chilled margin of a mafic body belonging to the 1.1 Ga diabase 
suite of southwestern USA. 
 
4. All studied samples are LILE enriched and have negative Ta-Nb anomaly typical 
of magmas with a subduction source component signature. 
 
5. The Miocene samples have enriched lithospheric mantle source character and are 
typical Basin and Range magmas of the Death Valley region. 
 
6. The in situ 87Sr/86Sr ratios of the plagioclase phenocryst profiles in the Miocene 
samples compare with the bulk-rock 87Sr/86Sr composition of felsic Miocene intrusions 
of southern Death Valley. The magma chamber dynamics in the southern Death Valley 
during the Basin and Range extension were open-system processes with repeated cycles 
of recharge of less radiogenic magma and hybridization. The overall difference in the 
strontium isotopic compositions recorded in the two samples of this study reveal local 
heterogeneities in the source magmas. 
 
7. The studied dikes represent at least two generations of NW-SE trending dike 
emplacement in the southern Death Valley region during the Phanerozoic, Miocene and 
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possibly Mesozoic. The metamorphic and altered dikes are on trend with the Jurassic 
Independence dike swarm and Cretaceous dikes of California that are coeval with 
magmatic intrusions of Mesozoic North American Cordilleran orogeny. The trend of the 
Miocene dikes indicates southwest directed extension during early Basin and Range 
extension in the southern Death Valley. 
 
8. A thorough sampling of the dikes in the Saddlepeak Hills and Salt Spring Hills 
would probably reveal whether they represent the older generation of dikes or whether 
there are Miocene dikes present. A study of metamorphic conditions in the southern Death 
Valley would further benefit from X-Ray diffraction (XRD) and EPMA analysis of the 
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Appendix 1. Whole-rock geochemical analysis data. 
 
Sample ID 3651 DVD-0011 DVD-0022 DVD-0032 DVD-0051 DVD-0062 DVD-0071 DVD-0092 DVD-0102 
Rock type Trachyandesite Meta-andesite Meta-andesite Metabasaltic Meta-andesite Meta-andesite Trachyte Trachyandesite Trachyandesite 
Latitude 35°19'11.8'' 35°42'22.7'' 35°43'37.0'' 35°43'40.6'' 35°40'16.6'' 35°39'44.0'' 35°46'11.0'' 35°46'09.9'' 35°46'10.3'' 
Longitude 115°51'29.9'' 116°20'15.0'' 116°22'17.7'' 116°22'19.5'' 116°16'18.6'' 116°16'13.0'' 116°24'49.8'' 116°24'56.4'' 116°25'03.3'' 
SiO2 wt.% 55.30 57.60 58.52  46.72  60.3 55.86 60.7 57.70 53.03 
TiO2 0.90 0.76 1.020 3.929 0.61 0.70 0.67 0.83 0.84 
Al2O3 16.40 18.20 17.87  14.39  16.4 19.09 16.9 16.25 15.65 
FeO* 5.61 7.53 5.99  15.99  5.64 7.11 4.34 5.08 5.45 
MnO 0.12 0.23 0.073 0.222 0.11 0.23 0.08 0.08 0.12 
MgO 4.54 1.61 2.31  5.16  2.88 1.74 1.89 2.27 1.34 
CaO 5.71 1.80 4.99  6.33  4.86 2.33 3.82 5.34 8.95 
Na2O 3.80 <0.01 4.87  2.30  2.66 0.32 4.53 4.08 4.04 
K2O 3.25 3.74 1.29  1.23  1.91 3.02 3.66 3.36 2.98 
P2O5 0.26 0.32 0.287 0.462 0.17 0.25 0.46 0.51 0.55 
Total 96 92 97.22  96.73  95.54 90.65 97.05 95.49 92.94 
LOI 3.12 7.01 2.18 2.73 3.26 8.89 1.46 4.06 6.35 
Mg# 63 31 45 40 52 34 48 48 34 
Ag ppm <1 <1   <1  <1   
As <5 <5   5  <5   
B 21 78   35  23   
Ba 2430 592 979 350 677 550 1640 1383 1391 
Be <5 <5   <5  <5   
Bi 0.1 <0.1   <0.1  0.2   
Cd <0.2 <0.2   <0.2  <0.2   
Ce 61.7 71.7 52 59 50.4 55 145 111 124 
Co 19.2 23.1   14.2  13.1   
Cr 94 <10 10 9 26 1 25 23 78 
Cs 1 8.7   3.8  1.3   
Cu 46 10 4 35 <5 2 20 29 22 
Dy 2.96 3.89   2.99  3.58   
Appendix 1 continued. 
 
Er 1.44 2.28   1.73  1.67   
Eu 1.39 1.5   1.05  2   
Ga 20.3 18.4 21 24 14.9 18 20.6 17 16 
Gd 4.2 4.72   3.3  5.96   
Ge 1 2   2  2   
Hf 4 4   3  7   
Ho 0.52 0.8   0.59  0.62   
In <0.2 <0.2   <0.2  <0.2   
La 31.7 36.1 26 27 26.2 27 79.3 60 65 
Li 19 50   17  19   
Lu 0.2 0.37   0.28  0.25   
Mn 834 1690   836  592   
Mo <2 <2   <2  <2   
Nb 7.7 8.2 6.1 14.2 7.2 8.3 17.2 17 16.7 
Nd 27.3 30.7 24 34 20.4 26 55.1 45 52 
Ni 30 12 9 65 13 0 24 26 31 
Pb 7 <5 9 11 13 5 24 18 19 
Pr 7.18 8.31   5.71  15.8   
Rb 89.1 156 22 40 47.8 88 99.8 82 77 
Sb <0.1 0.6   0.2  0.4   
Sc 18 14 8 23 16 13 6 8 12 
Se <5 <5   <5  <5   
Sm 4.9 5.6   3.6  8   
Sn <1 <1   <1  1   
Sr 601 75.5 518 429 369 65 1090 1494 1772 
Ta <0.5 <0.5   <0.5  <0.5   
Tb 0.54 0.69   0.49  0.79   
Te <0.5 <0.5   <0.5  <0.5   
Th 6.5 5.8 1 5 5 4 18 11 14 
Tl 1.4 0.9   <0.5  <0.5   
Appendix 1 continued. 
 
Tm 0.21 0.34   0.27  0.23   
U 1.72 1 1 3 1.02 2 3.62 4 5 
V 178 108 114 341 102 39 40 103 133 
W <1 <1   <1  <1   
Y 14.4 21.4 11 35 16.2 29 17.9 19 20 
Yb 1.4 2.3   1.9  1.7   
Zn 61 83 60 182 64 66 64 67 58 
Zr 145 145 144 204 124 181 295 252 243 
1 Whole-rock geochemical analysis at Agat Laboratories.   
2 Whole-rock geochemical analysis at Peter Hooper GeoAnalytical Lab.  
Mg# = Mg2+/(Mg2++Fe2+)*100 
 
Appendix 2. EMPA analysis data for sample DVD-007. 
 
DVD-007 
          
Phenocryst PLG 1 PLG 1 PLG 1 PLG 1 PLG 1 PLG 1 PLG 1 PLG 1 PLG 1 PLG 1 
Spot 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b 
LA-ICP-MS spot DVD-007 PLG 1 plg1-1 DVD-007 PLG 1 plg1-2 DVD-007 PLG 1 plg1-3 DVD-007 PLG 1 plg1-4 DVD-007 PLG 1 plg1-5 
SiO2 57.96 58.29 59.54 58.29 59.14 58.56 57.58 56.70 57.35 56.35 
Al2O3 23.47 23.72 23.19 23.62 22.83 22.06 23.06 22.24 22.38 22.48 
MgO 0.33 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
CaO 6.64 6.65 6.43 7.20 6.30 5.84 7.04 6.64 6.81 7.28 
BaO b.d. b.d. 0.41 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Na2O 6.31 6.49 6.86 6.27 7.02 7.09 6.42 6.58 6.46 6.45 
K2O 0.91 1.12 0.90 0.79 0.99 1.02 0.87 0.94 0.92 0.96 
Total 95.61 96.26 97.32 96.17 96.28 94.57 94.98 94.98 94.98 94.98            
Na 0.57 0.58 0.61 0.56 0.63 0.65 0.58 0.61 0.60 0.60 
K 0.05 0.07 0.05 0.05 0.06 0.06 0.05 0.06 0.06 0.06 
Ca 0.33 0.33 0.32 0.36 0.31 0.29 0.35 0.34 0.35 0.37 
Ba 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Si 2.70 2.70 2.73 2.70 2.74 2.76 2.71 2.72 2.72 2.70 
Al 1.29 1.30 1.25 1.29 1.25 1.22 1.28 1.26 1.25 1.27 
Sum (cat) 4.97 4.98 4.97 4.96 4.98 4.98 4.97 4.99 4.97 5.00            
Ab 59.66 59.55 62.34 58.24 62.95 64.54 58.97 60.55 59.66 58.08 
An 34.68 33.72 32.30 36.92 31.22 29.37 35.75 33.78 34.73 36.23 












Appendix 2 continued. 
 
PLG 1 PLG 1 PLG 1 PLG 1 PLG 1 PLG 1 PLG 1 PLG 1 PLG 2 PLG 2 PLG 2 PLG 2 
6a 6b 7a 7b 8a 8b 9a 9b 1a 1b 2a 2b 
DVD-007 PLG 1 plg1-6 DVD-007 PLG 1 plg1-7 DVD-007 PLG 1 plg1-8 DVD-007 PLG 1 plg1-9 DVD-007 PLG 2 plg2-1 DVD-007 PLG 2 plg2-2 
57.23 56.45 56.24 56.74 54.43 54.59 53.15 53.29 53.12 54.99 55.50 54.83 
22.00 22.09 22.20 22.15 22.62 21.76 22.72 21.90 21.87 20.41 20.72 21.08 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
6.39 7.11 6.99 7.24 7.88 6.75 8.42 7.68 7.68 6.01 5.97 6.21 
0.00 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
6.46 6.37 6.21 4.59 5.84 5.92 5.46 5.62 6.10 6.13 6.20 6.22 
0.87 0.91 0.87 0.88 0.69 0.87 0.66 0.79 0.83 1.03 1.16 0.85 
94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 
            
0.60 0.59 0.58 0.43 0.55 0.57 0.53 0.55 0.59 0.60 0.60 0.60 
0.05 0.06 0.05 0.05 0.04 0.06 0.04 0.05 0.05 0.07 0.07 0.05 
0.33 0.37 0.36 0.38 0.41 0.36 0.45 0.41 0.41 0.32 0.32 0.33 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.74 2.72 2.71 2.74 2.66 2.71 2.64 2.67 2.66 2.76 2.76 2.74 
1.24 1.25 1.26 1.26 1.31 1.27 1.33 1.29 1.29 1.21 1.22 1.24 
4.96 4.98 4.97 4.87 4.98 4.97 4.98 4.98 5.01 4.96 4.97 4.97 
            
61.14 58.45 58.30 50.06 54.85 57.93 51.79 54.13 56.03 60.52 60.39 60.94 
33.42 36.05 36.29 43.62 40.88 36.47 44.10 40.89 38.95 32.81 32.15 33.60 














Appendix 2 continued. 
 
PLG 2 PLG 2 PLG 2 PLG 2 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 
3a 3b 4a 4b 1a 1b 2a 2b 3a 3b 4a 4b 
DVD-007 PLG 2 plg2-3 DVD-007 PLG 2 plg2-4 DVD-007 PLG 3 plg3-1 DVD-007 PLG 3 plg3-2 DVD-007 PLG 3 plg3-3 DVD-007 PLG 3 plg3-4 
57.01 54.79 55.22 54.93 53.42 56.15 56.06 53.85 54.37 52.90 55.79 54.94 
20.25 20.52 20.11 20.83 21.70 19.68 19.90 21.24 20.77 21.19 20.04 19.86 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
5.58 5.98 5.84 6.61 7.45 5.38 5.20 6.73 6.58 7.20 5.47 5.58 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
6.55 6.22 6.34 5.80 5.60 6.53 6.44 5.86 6.15 5.86 6.21 6.34 
1.29 1.13 1.21 1.02 0.78 1.07 1.20 0.81 0.98 0.71 0.96 1.06 
94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 
            
0.62 0.61 0.62 0.56 0.55 0.63 0.62 0.57 0.60 0.58 0.60 0.62 
0.08 0.07 0.08 0.07 0.05 0.07 0.08 0.05 0.06 0.05 0.06 0.07 
0.29 0.32 0.31 0.35 0.40 0.29 0.28 0.36 0.35 0.39 0.29 0.30 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.80 2.76 2.78 2.75 2.69 2.81 2.80 2.72 2.73 2.69 2.80 2.79 
1.17 1.22 1.19 1.23 1.29 1.16 1.17 1.26 1.23 1.27 1.18 1.19 
4.97 4.97 4.98 4.95 4.97 4.96 4.96 4.97 4.98 4.98 4.94 4.97 
            
62.49 60.58 61.15 57.26 54.74 63.96 63.74 57.94 58.94 56.88 62.97 62.61 
29.43 32.17 31.16 36.09 40.26 29.14 28.46 36.81 34.85 38.61 30.62 30.47 
8.08 7.24 7.69 6.65 5.01 6.91 7.80 5.25 6.21 4.51 6.41 6.92 













Appendix 2 continued. 
 
PLG 3 PLG 3 PLG 3* PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 
5a 5b 6a 6b 7a 7b 8a 8b 9a 9b 10a 10b 
DVD-007 PLG 3 plg3-5 DVD-007 PLG 3 plg3-6 DVD-007 PLG 3 plg3-7 DVD-007 PLG 3 plg3-8 DVD-007 PLG 3 plg3-9 DVD-007 PLG 3 plg3-10 
54.72 54.11 57.80 53.67 53.75 53.23 54.47 55.19 54.16 55.83 53.82 53.10 
20.23 20.52 17.10 20.14 20.80 21.15 20.59 20.20 20.59 20.16 21.10 21.22 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
5.90 7.00 2.32 6.25 6.94 7.13 6.08 5.76 6.44 5.91 6.91 7.34 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
6.31 6.10 4.96 6.04 5.73 5.90 6.43 6.17 6.02 6.73 6.02 6.02 
0.96 0.81 6.58 0.91 0.78 0.83 0.87 1.03 0.87 1.03 0.96 0.81 
94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 
            
0.62 0.60 0.49 0.60 0.56 0.58 0.63 0.60 0.59 0.65 0.59 0.59 
0.06 0.05 0.43 0.06 0.05 0.05 0.06 0.07 0.06 0.07 0.06 0.05 
0.32 0.38 0.13 0.34 0.38 0.39 0.33 0.31 0.35 0.32 0.37 0.40 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.77 2.73 2.94 2.75 2.73 2.70 2.75 2.78 2.74 2.78 2.71 2.69 
1.21 1.22 1.02 1.22 1.24 1.26 1.22 1.20 1.23 1.18 1.25 1.27 
4.97 4.98 5.01 4.97 4.96 4.99 4.98 4.96 4.97 4.99 4.99 5.00 
            
61.83 58.07 46.93 59.85 56.83 56.84 62.09 61.49 59.31 63.06 57.48 56.73 
31.97 36.85 12.13 34.21 38.07 37.91 32.41 31.74 35.03 30.62 36.49 38.26 














Appendix 2 continued. 
 
PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 PLG 3 
11a 11b 12a 12b 13a 13b 14a 14b 15a 15b 16a 16b 
DVD-007 PLG 3 plg3-11 DVD-007 PLG 3 plg3-12 DVD-007 PLG 3 plg3-13 DVD-007 PLG 3 plg3-14 DVD-007 PLG 3 plg3-15 DVD-007 PLG 3 plg3-16 
55.02 53.73 54.55 55.87 55.97 53.78 56.49 54.02 55.41 55.91 57.70 56.67 
20.72 21.10 20.97 20.62 20.71 21.79 21.21 23.04 22.69 22.93 23.93 24.28 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.12 b.d. b.d. b.d. 
6.69 7.51 6.73 5.91 6.07 7.35 6.25 8.51 7.58 7.23 7.01 7.24 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
6.36 6.28 5.76 6.43 6.40 5.82 6.45 5.73 4.41 6.07 6.36 6.06 
0.92 0.91 0.84 1.11 0.96 0.75 1.02 0.67 0.78 0.89 0.97 0.95 
94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 94.98 
            
0.61 0.61 0.56 0.62 0.61 0.56 0.61 0.54 0.42 0.57 0.57 0.55 
0.06 0.06 0.05 0.07 0.06 0.05 0.06 0.04 0.05 0.05 0.06 0.06 
0.36 0.40 0.36 0.31 0.32 0.39 0.33 0.45 0.40 0.37 0.35 0.36 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
2.74 2.70 2.74 2.77 2.77 2.69 2.75 2.64 2.70 2.69 2.68 2.66 
1.22 1.25 1.24 1.20 1.21 1.28 1.22 1.33 1.30 1.30 1.31 1.34 
4.99 5.02 4.95 4.97 4.97 4.98 4.97 4.99 4.88 4.98 4.98 4.97 
            
59.67 56.92 57.39 61.67 61.61 56.08 60.99 52.69 48.38 57.00 58.50 56.69 
34.65 37.63 37.07 31.32 32.29 39.13 32.69 43.27 45.97 37.52 35.63 37.45 














Appendix 2 continued. 
 
PLG 5 PLG 5 PLG 5 PLG 5 PLG 5 PLG 5 PLG 5 PLG 5 PLG 5 PLG 5 PLG 5 PLG 5 
1a 1b 2a 2b 3a 3b 4a 4b 5a 5b 6a 6b 
DVD-007 PLG 5 plg5-1 DVD-007 PLG 5 plg5-2 DVD-007 PLG 5 plg5-3 DVD-007 PLG 5 plg5-4 DVD-007 PLG 5 plg5-5 DVD-007 PLG 5 plg5-6 
58.11 58.06 57.75 54.04 55.14 57.55 57.02 56.46 57.41 60.10 57.83 58.06 
24.69 24.49 25.52 26.64 27.13 25.32 25.82 25.72 24.92 23.83 25.55 25.05 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
7.10 6.81 7.87 8.83 9.42 6.96 7.67 7.86 7.03 5.68 7.75 7.31 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
6.43 6.75 6.33 5.86 5.42 6.44 6.08 6.09 6.59 7.18 6.26 6.66 
0.88 0.95 0.57 0.49 0.43 0.70 0.54 0.52 0.84 1.22 0.70 0.75 
97.20 97.05 98.05 95.86 97.53 96.97 97.14 96.65 96.79 98.02 98.09 97.84 
            
0.57 0.60 0.56 0.53 0.48 0.57 0.54 0.55 0.59 0.63 0.55 0.59 
0.05 0.06 0.03 0.03 0.03 0.04 0.03 0.03 0.05 0.07 0.04 0.04 
0.35 0.34 0.38 0.44 0.46 0.34 0.38 0.39 0.35 0.28 0.38 0.36 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.67 2.67 2.63 2.53 2.54 2.65 2.62 2.61 2.65 2.73 2.63 2.65 
1.34 1.33 1.37 1.47 1.47 1.37 1.40 1.40 1.36 1.28 1.37 1.35 
4.98 4.99 4.98 5.01 4.98 4.98 4.97 4.98 4.99 4.98 4.98 4.99 
            
58.82 60.59 57.26 53.00 49.67 59.95 56.95 56.52 59.78 64.57 56.87 59.50 
35.91 33.81 39.33 44.09 47.73 35.79 39.70 40.31 35.21 28.21 38.94 36.08 














Appendix 2 continued. 
 
PLG 5 PLG 5 PLG 5 PLG 5 PLG 6 PLG 6 PLG 6 PLG 6 PLG 7 PLG 7 PLG 7 PLG 7 
7a 7b 8a 8b 1a 1b 2a 2b 1a 1b 2a 2b 
DVD-007 PLG 5 plg5-7 DVD-007 PLG 5 plg5-8 DVD-007 PLG 6 plg6-2 DVD-007 PLG 6 plg6-1 DVD-007 PLG 7 plg7-2 DVD-007 PLG 7 plg7-1 
62.20 58.25 57.47 56.98 58.07 58.69 58.52 58.14 58.85 58.62 60.63 60.72 
23.68 24.84 25.78 26.00 23.71 24.97 25.26 25.76 25.28 25.15 24.20 24.12 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
5.47 6.61 8.19 8.77 6.62 7.29 7.30 8.07 7.35 7.23 6.44 6.03 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.42 b.d. b.d. b.d. 0.38 
7.44 6.48 5.98 5.91 7.01 6.43 6.34 6.43 6.79 6.56 6.72 7.03 
1.18 0.93 0.72 0.73 1.20 0.90 0.84 0.80 0.92 1.00 1.18 1.05 
99.97 97.11 98.14 98.39 96.61 98.27 98.25 99.62 99.19 98.56 99.18 99.34 
            
0.64 0.58 0.53 0.52 0.63 0.57 0.56 0.56 0.59 0.58 0.59 0.61 
0.07 0.05 0.04 0.04 0.07 0.05 0.05 0.05 0.05 0.06 0.07 0.06 
0.26 0.33 0.40 0.43 0.33 0.35 0.36 0.39 0.36 0.35 0.31 0.29 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.76 2.67 2.62 2.60 2.69 2.67 2.66 2.62 2.65 2.66 2.72 2.73 
1.24 1.34 1.38 1.40 1.29 1.34 1.35 1.37 1.34 1.34 1.28 1.28 
4.97 4.97 4.97 4.99 5.01 4.98 4.97 5.00 5.00 4.99 4.96 4.97 
            
66.19 60.27 54.48 52.61 61.19 58.20 58.01 56.34 59.26 58.48 60.79 63.57 
26.91 34.02 41.19 43.10 31.92 36.47 36.93 39.05 35.47 35.64 32.20 30.15 














Appendix 2 continued. 
 
PLG 8 PLG 8 PLG 8 PLG 8 PLG 10 PLG 10 PLG 10 PLG 10 PLG 10 PLG 10 PLG 10 PLG 10 
1a 1b 2a 2b 1a 1b 2a 2b 3a 3b 4a 4b 
DVD-007 PLG 8 plg8-2 DVD-007 PLG 8 plg8-1 DVD-007 PLG 10 plg10-1 DVD-007 PLG 10 plg10-3 DVD-007 PLG 10 plg10-3 DVD-007 PLG 10 plg10-4 
60.62 60.04 57.44 58.46 59.82 60.78 60.44 60.64 58.13 57.07 59.82 60.46 
24.16 24.29 25.95 25.06 24.87 24.22 24.69 24.62 25.54 26.32 24.79 24.01 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
6.11 6.53 8.26 7.22 7.37 6.37 6.64 6.44 8.22 8.75 6.95 6.32 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
6.99 6.69 6.21 6.50 6.24 6.99 6.96 6.60 6.29 5.80 6.31 6.62 
1.34 1.24 0.67 0.95 0.83 1.13 0.92 0.86 0.62 0.42 0.99 1.62 
99.22 98.79 98.52 98.19 99.12 99.48 99.65 99.16 98.80 98.37 98.86 99.03 
            
0.61 0.59 0.55 0.57 0.54 0.61 0.60 0.57 0.55 0.51 0.55 0.58 
0.08 0.07 0.04 0.06 0.05 0.06 0.05 0.05 0.04 0.02 0.06 0.09 
0.29 0.32 0.40 0.35 0.35 0.31 0.32 0.31 0.40 0.43 0.34 0.30 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.72 2.71 2.61 2.66 2.69 2.72 2.70 2.72 2.63 2.60 2.69 2.72 
1.28 1.29 1.39 1.34 1.32 1.28 1.30 1.30 1.36 1.41 1.32 1.27 
4.98 4.97 4.99 4.98 4.95 4.98 4.98 4.95 4.98 4.97 4.95 4.97 
            
62.15 60.18 55.38 58.46 57.45 62.09 61.94 61.56 55.93 53.17 58.41 59.20 
30.03 32.49 40.72 35.89 37.54 31.28 32.67 33.15 40.43 44.29 35.58 31.24 
7.82 7.33 3.91 5.64 5.01 6.63 5.39 5.29 3.65 2.54 6.02 9.56 













Appendix 2 continued. 
 
PLG 10 PLG 10 PLG 13 PLG 13 PLG 13 PLG 13 
5a 5b 1a 1b 2a 2b 
DVD-007 PLG 10 plg10-5 DVD-007 PLG 13 plg13-2 DVD-007 PLG 13 plg13-1 
60.32 60.30 60.61 61.05 59.91 59.60 
24.63 24.28 24.39 23.84 24.84 24.74 
b.d. b.d. b.d. b.d. b.d. b.d. 
6.98 6.03 6.97 6.47 7.67 7.44 
b.d. b.d. b.d. b.d. b.d. b.d. 
6.69 6.80 6.54 6.76 6.67 6.92 
0.98 1.17 0.98 1.27 0.95 0.89 
99.59 98.59 99.49 99.40 100.04 99.59 
      
0.58 0.60 0.57 0.59 0.58 0.60 
0.06 0.07 0.06 0.07 0.05 0.05 
0.33 0.29 0.33 0.31 0.37 0.36 
0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 
2.70 2.72 2.71 2.74 2.68 2.68 
1.30 1.29 1.29 1.26 1.31 1.31 
4.97 4.97 4.96 4.97 4.98 5.00 
      
59.78 62.37 59.29 60.50 57.85 59.55 
34.46 30.55 34.88 32.02 36.74 35.40 
5.76 7.08 5.83 7.48 5.40 5.05 
      












Appendix 2 EMPA analysis data for sample DVD-009. 
 
DVD-009                     
Phenocryst PLG 1 PLG 1 PLG 1 PLG 1* PLG 1 PLG 1 PLG 1 PLG 1 PLG 9 PLG 9 
Spot 1a 1b 2a 2b 3a 3b 4a 4b 1a 1b 
LA-ICP-MS spot DVD-009 PLG 1 plg1-1 DVD-009 PLG 1 plg1-2 DVD-009 PLG 1 plg1-3 DVD-009 PLG 1 plg1-4 DVD-009 PLG 9 plg9-1 
SiO2 55.55 55.86 55.41 61.63 55.37 57.35 58.16 55.84 56.40 55.92 
Al2O3 27.81 27.41 27.84 23.27 27.59 26.92 25.96 27.51 26.81 27.30 
MgO b.d. b.d. b.d. 0.89 b.d. b.d. b.d. b.d. b.d. b.d. 
CaO 10.96 10.02 10.68 5.03 10.91 9.03 8.90 10.24 10.55 10.45 
BaO b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Na2O 4.78 5.07 4.76 6.21 5.10 5.48 6.28 5.17 5.55 5.17 
K2O 0.42 0.45 0.41 0.41 0.46 0.53 0.71 0.54 0.49 0.51 
Total 99.53 98.81 99.10 97.45 99.42 99.30 100.01 99.31 99.80 99.35 
           
Na 0.42 0.45 0.42 0.54 0.45 0.48 0.55 0.45 0.49 0.45 
K 0.02 0.03 0.02 0.02 0.03 0.03 0.04 0.03 0.03 0.03 
Ca 0.53 0.49 0.52 0.24 0.53 0.44 0.43 0.50 0.51 0.51 
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 
Si 2.51 2.54 2.51 2.78 2.51 2.58 2.61 2.53 2.55 2.53 
Al 1.48 1.47 1.49 1.24 1.47 1.43 1.37 1.47 1.43 1.46 
Sum (cat) 4.97 4.96 4.96 4.89 4.99 4.96 5.00 4.98 5.00 4.98 
           
Ab 43.01 46.48 43.55 67.07 44.60 50.64 53.85 46.18 47.39 45.84 
An 54.48 50.79 54.00 30.00 52.78 46.13 42.13 50.61 49.84 51.20 













Appendix 2 continued. 
 
PLG 9 PLG 9 PLG 9 PLG 9 PLG 11 PLG 11 PLG 11 PLG 11 PLG 11 PLG 11* PLG 11 PLG 11 
2a 2b 3a 3b 1a 1b 2a 2b 3a 3b 4a 4b 
DVD-009 PLG 9 plg9-2 DVD-009 PLG 9 plg9-3 DVD-009 PLG 11 plg11-1 DVD-009 PLG 11 plg11-2 DVD-009 PLG 11 plg11-3 DVD-009 PLG 11 plg11-4 
54.97 54.42 57.25 56.66 56.14 55.26 54.93 54.72 54.02 69.00 56.15 53.47 
27.71 27.79 26.01 26.19 26.46 26.67 26.45 26.86 26.98 19.39 25.10 26.71 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.08 b.d. b.d. b.d. b.d. 
10.97 11.22 8.92 9.34 9.98 10.87 11.17 11.61 11.19 0.23 9.39 11.32 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
4.85 5.01 5.72 5.54 5.50 5.10 5.27 4.88 4.58 9.93 5.43 4.55 
0.45 0.40 0.65 0.49 0.53 0.51 0.58 0.52 0.61 0.10 0.79 0.48 
98.95 98.84 98.54 98.23 98.61 98.41 98.41 98.66 97.38 98.64 96.86 96.52 
            
0.43 0.44 0.50 0.49 0.49 0.45 0.47 0.43 0.41 0.85 0.49 0.41 
0.03 0.02 0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.01 0.05 0.03 
0.54 0.55 0.43 0.46 0.49 0.53 0.55 0.57 0.56 0.01 0.47 0.57 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
2.50 2.49 2.60 2.59 2.56 2.53 2.52 2.51 2.50 3.03 2.60 2.50 
1.49 1.50 1.39 1.41 1.42 1.44 1.43 1.45 1.47 1.00 1.37 1.47 
4.98 5.00 4.97 4.97 4.99 4.99 5.01 5.00 4.98 4.89 4.98 4.98 
            
43.26 43.65 51.62 50.25 48.41 44.59 44.56 41.94 41.02 98.13 48.75 40.94 
54.09 54.05 44.52 46.81 48.51 52.48 52.20 55.13 55.37 1.24 46.60 56.24 
2.65 2.30 3.86 2.94 3.08 2.93 3.23 2.93 3.61 0.63 4.65 2.83 













Appendix 2 continued. 
 
PLG 11* PLG 11 PLG 14 PLG 14 PLG 14* PLG 14 PLG 14 PLG 14 PLG 14 PLG 14 PLG 14 PLG 14 
5a 5b 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b 
DVD-009 PLG 11 plg11-5 DVD-009 PLG 14 plg14-1 DVD-009 PLG 14 plg14-2 DVD-009 PLG 14 plg14-3 DVD-009 PLG 14 plg14-4 DVD-009 PLG 14 plg14-5 
67.97 55.04 55.01 54.58 60.85 54.97 53.91 55.99 55.19 52.30 53.66 53.46 
19.57 25.59 24.99 24.66 21.57 24.35 25.05 23.81 24.20 25.64 24.95 25.01 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
0.57 9.48 9.49 9.42 4.47 9.18 9.23 8.61 8.49 10.95 9.48 9.80 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.33 b.d. 
10.12 5.10 5.48 5.37 6.87 5.35 5.48 5.70 5.42 4.58 4.86 5.02 
0.13 0.56 0.56 0.62 0.33 0.58 0.54 0.72 0.64 0.36 0.62 0.51 
98.35 95.77 95.54 94.65 94.09 94.42 94.21 94.84 93.94 93.84 93.90 93.80 
            
0.87 0.46 0.50 0.49 0.62 0.49 0.51 0.52 0.50 0.43 0.45 0.47 
0.01 0.03 0.03 0.04 0.02 0.04 0.03 0.04 0.04 0.02 0.04 0.03 
0.03 0.48 0.48 0.48 0.22 0.47 0.47 0.44 0.43 0.56 0.49 0.50 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3.00 2.58 2.59 2.59 2.84 2.61 2.57 2.65 2.63 2.52 2.57 2.56 
1.02 1.41 1.39 1.38 1.19 1.36 1.41 1.33 1.36 1.45 1.41 1.41 
4.92 4.96 4.99 4.98 4.89 4.97 4.99 4.97 4.96 4.98 4.97 4.98 
            
96.22 47.66 49.41 48.87 71.87 49.50 50.12 52.14 51.43 42.11 46.21 46.60 
2.99 48.90 47.27 47.39 25.87 46.97 46.64 43.53 44.54 55.68 49.88 50.29 














Appendix 2 continued. 
 
PLG 18 PLG 18 PLG 18 PLG 18 PLG 18 PLG 18 PLG 17 PLG 17 PLG 17 PLG 17 PLG 16 PLG 16 
1a 1b 2a 2b 3a 3b 1a 1b 2a 2b 1a 1b 
DVD-009 PLG 18 plg18-1 DVD-009 PLG 18 plg18-2 DVD-009 PLG 18 plg18-3 DVD-009 PLG 17 plg17-1 DVD-009 PLG 17 plg17-2 DVD-009 PLG 16 plg16-1 
53.08 55.32 51.98 52.68 52.29 52.48 52.99 54.30 52.85 52.77 53.15 52.61 
25.03 23.43 25.54 25.11 25.24 25.18 24.80 24.17 25.04 24.93 24.94 24.93 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
10.50 8.37 11.40 10.80 11.30 11.30 11.00 10.04 10.97 11.17 10.90 10.64 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
4.92 5.85 4.68 4.81 4.68 4.74 4.95 5.27 4.60 4.62 5.04 4.65 
0.55 0.83 0.46 0.52 0.56 0.39 0.46 0.59 0.40 0.50 0.47 0.44 
94.08 93.81 94.05 93.92 94.07 94.10 94.20 94.37 93.86 93.98 94.51 93.27 
            
0.46 0.54 0.44 0.45 0.44 0.44 0.46 0.49 0.43 0.43 0.47 0.44 
0.03 0.05 0.03 0.03 0.03 0.02 0.03 0.04 0.02 0.03 0.03 0.03 
0.54 0.43 0.59 0.56 0.58 0.58 0.57 0.51 0.57 0.58 0.56 0.55 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.55 2.65 2.50 2.53 2.52 2.52 2.54 2.59 2.54 2.54 2.54 2.54 
1.42 1.32 1.45 1.42 1.43 1.43 1.40 1.36 1.42 1.41 1.41 1.42 
4.99 4.99 5.00 4.99 5.00 5.00 5.00 4.99 4.98 4.99 5.00 4.98 
            
44.40 53.07 41.50 43.23 41.44 42.15 43.70 47.00 42.09 41.54 44.31 42.99 
52.33 41.97 55.84 53.68 55.28 55.55 53.63 49.54 55.49 55.53 52.95 54.34 














Appendix 2 continued. 
 
PLG 16* PLG 16 PLG 16 PLG 16 PLG 16 PLG 16 PLG 16 PLG 16 PLG 16 PLG 16 PLG 16 PLG 16* 
2a 2b 3a 3b 4a 4b 5a 5b 6a 6b 7a 7b 
DVD-009 PLG 16 plg16-2 DVD-009 PLG 16 plg16-3 DVD-009 PLG 16 plg16-4 DVD-009 PLG 16 plg16-5 DVD-009 PLG 16 plg16-6 DVD-009 PLG 16 plg16-7 
60.02 53.48 52.29 53.48 55.28 55.43 53.61 55.58 55.35 54.42 55.26 60.64 
22.00 25.78 27.14 27.47 27.34 27.46 29.03 27.87 28.08 28.59 27.89 24.57 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
5.08 11.30 12.43 12.35 11.21 10.60 12.65 11.34 10.46 12.22 11.00 6.63 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
7.18 4.66 3.89 4.56 4.54 5.28 4.13 4.80 4.86 4.59 4.76 6.71 
0.30 0.32 0.33 0.43 0.41 0.49 0.40 0.50 0.41 0.49 0.47 1.05 
94.59 95.54 96.09 98.30 98.79 99.26 99.83 100.10 99.17 100.31 99.38 99.59 
            
0.65 0.43 0.36 0.41 0.40 0.46 0.36 0.42 0.43 0.40 0.42 0.58 
0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.06 
0.25 0.57 0.63 0.61 0.55 0.52 0.61 0.55 0.51 0.59 0.53 0.32 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.80 2.53 2.46 2.47 2.52 2.52 2.43 2.50 2.51 2.46 2.50 2.71 
1.21 1.44 1.51 1.49 1.47 1.47 1.55 1.48 1.50 1.52 1.49 1.29 
4.93 4.98 4.97 5.00 4.96 5.00 4.99 4.98 4.97 5.00 4.97 4.96 
            
70.49 41.95 35.44 39.09 41.28 46.06 36.29 42.09 44.53 39.36 42.69 60.64 
27.57 56.17 62.61 58.50 56.28 51.13 61.40 55.01 52.99 57.90 54.55 33.13 
1.94 1.88 1.96 2.41 2.44 2.82 2.32 2.91 2.48 2.74 2.75 6.22 
 
* Discarded from analysis.  
 
Appendix 3. In situ LA-MC-ICP-MS analysis results of plagioclase phenocrysts. 
 
Sample ID Phenocryst Spot Spot location 87Rb/86Sr 87Sr/86Sr 2σ 
DVD-007 DVD-007 PLG 1 plg1-1 rim 0.0090 0.707378 0.000020  
DVD-007 PLG 1 plg1-2 mid 0.0024 0.709227 0.000021  
DVD-007 PLG 1 plg1-3 mid 0.0033 0.709826 0.000026  
DVD-007 PLG 1 plg1-4 mid 0.0037 0.708597 0.000022  
DVD-007 PLG 1 plg1-5 mid 0.0083 0.707703 0.000021  
DVD-007 PLG 1 plg1-6 mid 0.0125 0.707844 0.000029  
DVD-007 PLG 1 plg1-7 mid 0.0018 0.707934 0.000022  
DVD-007 PLG 1 plg1-8 mid 0.0015 0.707423 0.000019  
DVD-007 PLG 1 plg1-9 rim 0.0205 0.707267 0.000019  
DVD-007 PLG 1 plg1-2 dubl. mid 0.0017 0.708049 0.000027  
DVD-007 PLG 1 plg1-3 dubl. mid 0.0106 0.708946 0.000031  
DVD-007 PLG 2 plg2-1 mid 0.0243 0.707342 0.000022  
DVD-007 PLG 2 plg2-2 mid 0.0026 0.707418 0.000021  
DVD-007 PLG 2 plg2-3 mid 0.0019 0.707430 0.000021  
DVD-007 PLG 2 plg2-4 rim 0.0016 0.707336 0.000027  
DVD-007 PLG 3 plg3-1 rim 0.0031 0.707328 0.000021  
DVD-007 PLG 3 plg3-2 mid 0.0040 0.707300 0.000021  
DVD-007 PLG 3 plg3-3 mid 0.0016 0.707365 0.000020  
DVD-007 PLG 3 plg3-4 mid 0.0050 0.707486 0.000023  
DVD-007 PLG 3 plg3-5 mid 0.0051 0.707412 0.000021  
DVD-007 PLG 3 plg3-6 mid 0.0028 0.707365 0.000022  
DVD-007 PLG 3 plg3-7 mid 0.0158 0.707595 0.000039  
DVD-007 PLG 3 plg3-8 mid 0.0037 0.707710 0.000024  
DVD-007 PLG 3 plg3-9 mid 0.0024 0.707826 0.000021  
DVD-007 PLG 3 plg3-10 mid 0.0025 0.707531 0.000025  
DVD-007 PLG 3 plg3-11 mid 0.0067 0.707719 0.000024  
DVD-007 PLG 3 plg3-12 mid 0.0024 0.707655 0.000027  
DVD-007 PLG 3 plg3-13 mid 0.0044 0.707520 0.000027  
DVD-007 PLG 3 plg3-14 mid 0.0033 0.707542 0.000023  
DVD-007 PLG 3 plg3-15 mid 0.0020 0.707348 0.000021  
DVD-007 PLG 3 plg3-16 rim 0.0161 0.707235 0.000023 
 DVD-007 PLG 4 plg4-1 mid 0.0019 0.707537 0.000022  
DVD-007 PLG 5 plg5-1 rim 0.0021 0.707386 0.000023  
DVD-007 PLG 5 plg5-2 mid 0.0036 0.707271 0.000025  
DVD-007 PLG 5 plg5-3 mid 0.0011 0.707267 0.000021  
DVD-007 PLG 5 plg5-4 mid 0.0095 0.707350 0.000025  
DVD-007 PLG 5 plg5-5 mid 0.0064 0.707403 0.000024  
DVD-007 PLG 5 plg5-6 mid 0.0038 0.707334 0.000019  
DVD-007 PLG 5 plg5-7 mid 0.0018 0.707322 0.000022  
DVD-007 PLG 5 plg5-8 rim 0.0028 0.707255 0.000024  
DVD-007 PLG 6 plg6-1 core 0.0045 0.707372 0.000019  
DVD-007 PLG 6 plg6-2 rim 0.0120 0.707192 0.000024  
DVD-007 PLG 7 plg7-1 core 0.0021 0.707551 0.000025  
DVD-007 PLG 7 plg7-2 rim 0.0034 0.707490 0.000027  
DVD-007 PLG 8 plg8-1 core 0.0028 0.707384 0.000023 
 
Appendix 3 continued. 
  
DVD-007 PLG 8 plg8-2 rim 0.0019 0.707331 0.000025 
 DVD-007 PLG 9 plg9-2 core 0.0027 0.707471 0.000024  
DVD-007 PLG 10 plg10-1 rim 0.0077 0.707322 0.000031  
DVD-007 PLG 10 plg10-2 rim 0.0050 0.707231 0.000020  
DVD-007 PLG 10 plg10-3 mid 0.0019 0.707537 0.000024  
DVD-007 PLG 10 plg10-4 mid 0.0018 0.707331 0.000024  
DVD-007 PLG 10 plg10-5 mid 0.0023 0.707466 0.000027  
DVD-007 PLG 10 plg10-6 mid 0.0028 0.707425 0.000028 
 DVD-007 PLG 11 plg11-2 core 0.0029 0.707385 0.000024  
DVD-007 PLG 13 plg13-1 core 0.0014 0.707447 0.000026  
DVD-007 PLG 13 plg13-2 rim 0.0055 0.707218 0.000028 
 DVD-007 PLG 14 plg14-1 core 0.0011 0.707314 0.000016 
 DVD-007 PLG 15 plg15-1 core 0.0040 0.707185 0.000020 
 DVD-007 PLG 16 plg16-1 core 0.0026 0.707327 0.000020        
DVD-009 DVD-009 PLG 1 plg1-1 rim 0.0031 0.707854 0.000014  
DVD-009 PLG 1 plg1-2 mid 0.0133 0.707435 0.000022  
DVD-009 PLG 1 plg1-3 mid 0.0077 0.707424 0.000020  
DVD-009 PLG 1 plg1-4 rim 0.0042 0.707891 0.000021 
 DVD-009 PLG 2 plg2-1 rim 0.0026 0.707684 0.000018 
 DVD-009 PLG 2 plg2-2 core 0.0024 0.708110 0.000022 
 DVD-009 PLG 3 plg3-1 core 0.0020 0.707368 0.000020 
 DVD-009 PLG 4 plg4-1 rim 0.0056 0.707790 0.000027 
 DVD-009 PLG 5 plg5-1 mid 0.0027 0.707808 0.000022 
 DVD-009 PLG 6 plg6-1 mid 0.0010 0.707706 0.000021 
 DVD-009 PLG 7 plg7-1 mid 0.0054 0.707719 0.000040 
 DVD-009 PLG 8 plg8-1 rim 0.0213 0.707736 0.000044  
DVD-009 PLG 9 plg9-1 rim 0.0020 0.707711 0.000028  
DVD-009 PLG 9 plg9-2 mid 0.0029 0.707795 0.000028  
DVD-009 PLG 9 plg9-3 rim 0.0058 0.707782 0.000027 
 DVD-009 PLG 10 plg10-1 mid 0.0008 0.707825 0.000028  
DVD-009 PLG 11 plg11-1 rim 0.0040 0.707846 0.000029  
DVD-009 PLG 11 plg11-2 mid 0.0095 0.708332 0.000032  
DVD-009 PLG 11 plg11-3 mid 0.0068 0.708677 0.000038  
DVD-009 PLG 11 plg11-4 mid 0.0076 0.708436 0.000030  
DVD-009 PLG 11 plg11-5 rim 0.0050 0.707550 0.000034 
 DVD-009 PLG 12 plg12-1 mid 0.0037 0.707771 0.000034 
 DVD-009 PLG 13 plg13-1 rim 0.0014 0.707705 0.000034 
 DVD-009 PLG 13 plg13-2 core 0.0064 0.707822 0.000033  
DVD-009 PLG 14 plg14-1 rim 0.0115 0.707509 0.000039  
DVD-009 PLG 14 plg14-2 mid 0.0017 0.707730 0.000032  
DVD-009 PLG 14 plg14-3 mid 0.0028 0.707873 0.000031  
DVD-009 PLG 14 plg14-4 mid 0.0081 0.708205 0.000034  
DVD-009 PLG 14 plg14-5 mid 0.0077 0.707988 0.000034 
 DVD-009 PLG 15 plg15-1 rim 0.0007 0.707708 0.000031 
 DVD-009 PLG 15 plg15-2 mid 0.0019 0.707746 0.000035  
DVD-009 PLG 16 plg16-1 rim 0.0060 0.707773 0.000038 





DVD-009 PLG 16 plg16-2 mid 0.0041 0.708291 0.000040  
DVD-009 PLG 16 plg16-3 mid 0.0186 0.707980 0.000041  
DVD-009 PLG 16 plg16-4 mid 0.0186 0.708446 0.000035  
DVD-009 PLG 16 plg16-5 mid 0.0025 0.708367 0.000033  
DVD-009 PLG 16 plg16-6 mid 0.0204 0.708424 0.000035  
DVD-009 PLG 16 plg16-7 rim 0.0010 0.707728 0.000031  
DVD-009 PLG 17 plg17-1 core 0.0008 0.707762 0.000030  
DVD-009 PLG 17 plg17-2 rim 0.0013 0.707613 0.000030  
DVD-009 PLG 18 plg18-1 rim 0.0037 0.707641 0.000033  
DVD-009 PLG 18 plg18-2 mid 0.0091 0.708638 0.000037  
DVD-009 PLG 18 plg18-3 mid 0.0012 0.708742 0.000036 
 DVD-009 PLG 19 plg19-1 core 0.0010 0.707824 0.000036 
 DVD-009 PLG 20 plg20-1 mid 0.0018 0.707822 0.000025 
 DVD-009 PLG 21 plg21-1 rim 0.0053 0.707868 0.000032 
 DVD-009 PLG 21 plg21-2 mid 0.0206 0.707683 0.000037 
 DVD-009 PLG 21 plg21-3 mid 0.0010 0.708835 0.000036 
